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Abstract
Higher efficiencies and more compact designs in spite of larger expansion ratios are
associated with variable wall thickness scroll expander geometries. However, the literature
for these innovative scroll designs is mainly limited to theoretical studies since the research
and development of scroll expanders is still in the early stages. Considering the potential
benefits of less overall leakage areas, shorter residence time of the gas and less time
for leakages and heat transfer, the scroll machine with variable wall thickness could be
a promising candidate to further improve the efficiency and power output in organic
Rankine cycle systems. It has also the opportunity of opening up new application fields
such as hybrid vehicle powertrain systems in which power cycles with high pressure ratio
are needed.
The main aims of this PhD research were to investigate variable and constant wall
thickness scroll expanders for small scale organic Rankine cycle systems using three-
dimensional and transient CFD simulations. The aerodynamic performances are compared
to examine the features of the novel variable wall thickness scroll expander design. This
is followed by the investigation of spark-ignition scroll engines and their performance by
means of a heat release rate analysis and CFD based combustion modelling tools.
The evaluation of the CFD simulations of variable wall thickness scroll expanders reveals
that the geometrical effects of varying wall thicknesses did not affect the characteristic
scroll machine operation. The validation, verification and the findings had proven
consistency with the theory of scroll expanders. The optimum performance was achieved
at a pressure ratio of 3.5 regardless of the rotational speed. The decrease of radial clearance
from 200µm to 75µm had a positive effect on isentropic efficiency and specific power
output. The isentropic efficiency at the optimum performance point was significantly
improved by 22% from 31.9% to 53.9%. It is also found that the lower number of working
chambers resulted in a shorter gas residence time, associated with less time for flank
leakages, in comparison to the constant wall thickness scroll expander. Thus, the fluid
friction was reduced, converting less kinetic energy into enthalpy. The large-scale swirls
were completely dissipated in the expansion chambers of the variable wall thickness scroll
expander at the crank angle of 600◦, in contrast to 672◦ in the expansion chambers of
the constant wall thickness design. In addition, the shorter scroll profile length of the
variable wall thickness scroll expander generated lower average radial and axial gas forces.
xMoreover, higher pressure gradients between individual working chambers contributed to
a higher peak of the tangential gas moment but at the expense of higher transient radial
and axial gas force and tangential gas moment variations. More significant pressure drops
occurred along the local radial clearance reducing the isentropic efficiencies in spite of
the shift towards higher pressure ratio.
The heat release rate analysis reveals that a more thorough expansion was achieved by
employing the scroll engine in the Miller/Atkinson cycle instead of the conventional Otto
cycle. The highest power output of 44.5kW was achieved for a compression ratio of 10.1:1
and an expansion ratio of 17.8:1 (V=4.62dm3) at a rotational speed of n=3000rpm. The
thermal efficiency followed the same trend reaching a peak value of 43.1% but for a lower
compression ratio of 8.2:1. The evaluation of the CFD based combustion model results
shows that the third combustion cycle was technically not feasible because the entire
domain was filled with burned gas due to the lack of flame quenching. No steady-state
solution was achieved and all the results are therefore hypothetical.
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Chapter 1
Introduction
1.1 Background
Electrical power can be generated from middle to low grade waste heat with the help of
organic Rankine cycle (ORC) technology. Energy sources such as internal combustion
engine exhaust gases [1, 2], biomass combustion [3, 4], industrial waste heat [5, 6], solar
thermal energy [7, 8] and geothermal heat [9, 10] can be used for the operation of these
systems. The choice of the expansion machine is of key importance to ORC performance.
There are two categories of suitable expansion machines for ORC based systems. These
are the velocity type including axial and radial inflow turbines, and positive displacement
devices, such as screw expanders, reciprocating piston expanders, rotary vane expanders
and scroll expanders [11]. Compared to the competitors, scroll expanders have advantages
such as high efficiency, high pressure ratio, relatively low flow rate, low level of noise
and vibration due to fewer moving parts and the symmetric working chamber layout,
and much lower rotational speed. Furthermore the ease and low cost of manufacture,
lack of valves, tolerance to two-phase flows, and high reliability make them suitable for
applications in small or micro ORC systems in the output power range from several
hundred Watts up to 10 kW [10–14]. In contrast low capacity and lubrication needs may
disadvantage scroll expanders for larger systems [14]. The pressure ratio is also too low
for some applications.
To date, in most of the published research on scroll expanders, off-the-shelf scroll com-
pressors have been modified and driven in the opposite direction as expanders [15–24].
The main reason for this approach is to reduce cost. Song et al. (2015) [25] divided
scroll compressors into different types, namely hermetic refrigeration scroll compressors,
semi-hermetic automotive A/C compressors, open-drive automotive A/C compressors
and open-drive scroll air compressors. Hence, the conversion to expanders is dependent
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on the scroll compressor type. Whereas researchers place greater emphasis on basic
and fundamental research, a few companies such as OBRIST Engineering [26], Exoés
[27], Air Squared, Inc. [28], Eneftech Innovation [29] and ECR International [30] aim to
implement commercial solutions of scroll expander on the market.
Scroll expanders have a certain tolerance to liquid droplets. Hence, the potential working
fluids can be slightly wet at the expander outlet. Bao and Zhao (2013) [14] provided
a thorough and comprehensive review about a wide range of suitable working fluids
including the impact of their physical and thermodynamic properties on the ORC system
performance. Apart from the scroll expander classification, Song et al. (2015) [25] also
covered a huge number of references in their literature review regarding the thermody-
namic analysis of scroll machines and the prediction of occurring mechanisms inside
the scroll volumes by means of experimental studies, theoretical modelling and CFD
simulations. Recently, the CFD technology began making inroads into the scroll machine
development [31–40]. It can be a promising technology to further optimise the scroll
expander geometry and improve the thermodynamic performance due to the opportunity
to more easily depict the asymmetric inner flow and temperature field compared to
experimental investigations and obviously lower cost and shorter R&D cycles.
A thorough understanding of the scroll geometry itself is essential for the design and
optimisation of scroll machines. Léon Creux filed a patent application for his invention of
the scroll-type machine used for compressing air or refrigerant in 1905 [41]. He described
the scroll profile by the involute of a circle, which is still the most commonly used
approach. Scroll designs can also be defined with profiles such as polygon or semi-circle
involutes, offset spliced involutes [42], involute curves combined with circular arcs [43],
algebraic spirals, modified Archimedes spirals [44] and scroll designs with varying wall
thicknesses.
The scroll geometry, with a fixed built-in volume ratio defined as the discharge chamber
volume at the beginning of the discharge process divided by the maximum suction
chamber volume, is an important design parameter. Over-expansion can occur when the
pressure gradient induces the fluid to flow back and results in a re-expansion. Under-
expansion can occur when the pressure in the expansion chamber is higher than the
pressure in the discharge pipe. Over-expansion is particularly detrimental for the effi-
ciency [45, 13]. The maximum shaft power and isentropic efficiency of scroll machines
also depends on the choice of the working fluid, rotational speed, mechanical and leakage
losses and internal heat transfer effects [10]. Furthermore, high built-in volume ratios
may lead to an improved system performance of ORC units as a result of a more thorough
expansion which enables the ORC systems to be more suitable for two-phase flows and
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more applicable to small- and micro-scale systems. In addition, a higher efficiency at
a lower rotational speed can be achieved which in turn simplifies the connection of the
reduction gear with the generator, especially in comparison to a turbine.
However, a major disadvantage of the constant wall thickness scroll expander approach is
that the increase of the geometric expansion ratio is constrained, since it is accompanied
with a large increase in the scroll profile length and is associated with a decreased
efficiency [46–48]. It is possible to increase the built-in volume ratio without increasing
the length of the scroll profiles by using scroll geometries with a variable wall thickness
[49–54]. Nonetheless, the literature for variable wall thickness scroll machines is mainly
limited to theoretical studies since the research and development of these innovative scroll
designs is still in the early stages. Considering the potential benefits of less overall leakage
areas, shorter residence time of the gas and less time for leakages and heat transfer, the
scroll machine with variable wall thicknesses could be a promising candidate to further
improve the efficiency and power output in an ORC system when high pressure ratio is
preferred. It has also the opportunity of opening up new application fields such as hybrid
vehicle powertrain systems in which power cycles with high pressure ratios are needed.
These hybrid and electric vehicle drivetrain systems are currently attracting interest for
the integration in road vehicles to contribute to the reduction of global carbon dioxide
(CO2) emissions by burning less fossil fuels. The produced mechanical power of the
traditional internal combustion (IC) engine is only used to drive a generator in a series
hybrid vehicle drivetrain system. The generated electricity is then either utilised to
recharge the batteries or is directly transferred to the electric motor. In other words, the
main objective is to extend the vehicle range as soon as the battery is depleted. Series
hybrids are therefore also known as range extender vehicles. Conventional reciprocating
engines, rotary wankel engines, micro turbines or fuel cells have been proven to be suitable
propulsion systems for these range extender engines [55–58].
Another suitable system might be the scroll engine concept which was introduced and
analytically investigated by Morishita et al. in 1992 [59]. The spark-ignition scroll engine
was operated in an idealised Otto cycle and their studies revealed the evaluation of
pressure-volume (p-V) diagrams in addition to torque and power output. This innovative
idea can be also found in the patent of Nishida in 1994 [60]. Following the idea of the
scroll engine concept, Lu et al. (2017) [61] carried out a feasibility study of a scroll
type rotary gasoline internal combustion engine employed in a Humphrey, Otto and
Brayton cycle to compare its performances. Compared to the Otto and Brayton cycle,
the same overall thermal efficiency was reached using the Humphrey cycle but at a lower
compression and pressure ratio.
4 Introduction
This novel type of engine has great potential advantages over its competitors. It com-
prises an upstream compressor and a downstream scroll expander which is mechanically
connected and drives the compressor. Hence, the compression and expansion processes of
the air-fuel mixture are decoupled which enables the possibility to apply higher expansion
than compression ratio. Besides, it consists of symmetric expansion chambers made of
scroll profiles to make use of the characteristics and advantages of a scroll expander as
mentioned previously. These in turn make scroll engines suitable for Plug-in Hybrid
Electric Vehicle range extender applications in the power range of 20-50kW. This new
engine concept could meet the needs for a range extender. In particular, the cost and
simplicity need, the NVH (Noise, Vibration and Harshness) characteristic needs, and the
compact and lightweight need. In contrast sealing and cooling needs and the complex
scroll geometry may disadvantage this novel engine technology. It should be also noted
that range extender scroll engines are not widely investigated and all the literature can
be narrowed down to patents and theoretical studies [59–61]. In addition, all the studies
were conducted with scroll machines made of constant wall thicknesses.
1.2 Aims and objectives
The PhD research was carried out along the following steps:
1. Conduct a thorough and widespread survey of published literature to understand
the fundamentals and the operating principle of scroll expanders in organic Rankine,
refrigeration and other power cycles. Identify theoretical and experimental data for
the verification and validation of CFD simulations.
2. Develop an unsteady and three-dimensional CFD model to predict and analyse
the flow and thermal field of small scale ORC scroll expanders with variable wall
thicknesses.
3. Compare the aerodynamic performance of variable and constant wall thickness
scroll expanders for small scale ORC applications to examine and elaborate the
potential advantages and disadvantages of the novel variable wall thickness scroll
expander design.
4. Employ a heat release rate analysis to evaluate the performance of an innovative
range extender scroll engine. Last but not least, develop a CFD based combustion
model for this spark-ignition scroll engine on the basis of the developed CFD models
for small scale ORC scroll expanders.
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5. Report and discuss all the findings in a form suitable for submission as a PhD
thesis and as publications in international journals.
1.3 Outline
• Chapter 1 - Introduction
The Introduction contains background information about the development of scroll
expanders and their application in small scale ORC waste heat recovery units and
hybrid vehicle powertrain systems. The aims and objectives, including all the steps
along which the PhD research was conducted, are described in addition. The last
section lists all the publications being produced during the PhD project.
• Chapter 2 - Literature review
The literature review is divided into two major sections. The latest requirements for
hybrid electric vehicle powertrain systems and their future prospects are discussed
in the first section. The major developments of waste heat recovery technologies
in vehicles are analysed in the second section. It reviews the literature available
for scroll expanders and discusses previous work mainly from the viewpoint of the
scroll machine geometry. It also considers a significant number of publications on
CFD simulations of scroll machines.
• Chapter 3 - Methodology
The geometrical models for scroll expanders with variable and constant wall thick-
ness designs are presented in addition to the range extender scroll engine concept.
This is followed by a theoretical procedure to conduct a heat release rate analysis
for this engine. The numerical procedure, comprising the principles and theoretical
equations to develop CFD models for scroll expanders with varying wall thicknesses,
is also outlined in this chapter. These CFD models are devised for the application in
small scale ORC waste heat recovery units and hybrid vehicle powertrain systems.
• Chapter 4 - Verification and validation of CFD simulations
This chapter focuses on the verification and validation of the developed CFD model
for variable wall thickness scroll expanders. It includes grid and turbulence model
sensitivity tests and the comparison against experimental data from Wei et al.
(2015) [32]. Convergence is evaluated employing an overall energy balance.
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• Chapter 5 - CFD analysis of small scale ORC scroll expanders with
variable wall thicknesses
The CFD predictions for small scale ORC scroll expanders with variable wall
thicknesses are analysed in this chapter. Further to isentropic efficiency and power
output examinations, the effects of radial clearance and the influence of variable
wall thicknesses on the scroll expander aerodynamic performance are discussed.
• Chapter 6 - Aerodynamic performance comparison of variable and con-
stant wall thickness scroll expanders for small scale ORC applications
This chapter presents an aerodynamic performance comparison of variable against
state-of-the-art constant wall thickness scroll expanders for small scale ORC appli-
cations. The focus lies on a more detailed look into the flow field to elaborate the
potential advantages and disadvantages of the novel variable wall thickness scroll
expander design.
• Chapter 7 - Heat release and combustion modelling of spark-ignition
scroll engines
A heat release rate analysis is covered in the first part of this chapter to examine
the performance of an innovative range extender scroll engine using different
compression and expansion ratios. The second part of this chapter contains the
analysis of the flow and thermal field of this spark-ignition scroll engine predicted
by means of a CFD based combustion model.
• Chapter 8 - Conclusions and further recommendations for future work
The major conclusions to be drawn from all the findings are reported in the last
chapter of the PhD thesis. Some further recommendations for future work are also
presented.
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The work of this PhD research project has been published in the following journal and
conference papers:
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1. S. Emhardt, G. Tian, P. Song, J. Chew, M. Wei. Aerodynamic performance
comparison of variable and constant wall thickness scroll expanders for small scale
ORC applications. In Preparation, 2020.
2. S. Emhardt, G. Tian, P. Song, J. Chew, M. Wei. CFD modelling of small scale
ORC scroll expanders using variable wall thicknesses. Energy 199, Article 117399,
2020.
3. S. Emhardt, G. Tian, J. Chew. A review of scroll expander geometries and their
performance. Applied Thermal Engineering 141, pages 1020-1034, 2018.
4. J. Gao, G. Tian, P. Jenner, M. Burgess, S. Emhardt, Preliminary explorations of
the performance of a novel small scale opposed rotary piston engine, Energy 190,
Article 116402, 2019.
5. Z. Liu, M. Wei, P. Song, S. Emhardt, G. Tian, Z. Huang. The fluid-thermal-solid
coupling analysis of a scroll expander used in an ORC waste heat recovery system.
Applied Thermal Engineering 138, pages 72-82, 2018.
6. P. Song, M. Wei, Y. Zhang, L. Sun, S. Emhardt, W. Zhuge. The impact of a
bilateral symmetric discharge structure on the performance of a scroll expander for
ORC power generation system. Energy 158, pages 458-470, 2018.
Conference papers
1. S. Emhardt, G. Tian, J. Chew. Influence of radial clearances on the aerodynamic
performance of ORC scroll expanders made of variable wall thicknesses. ICAE2019:
The 11th International Conference on Applied Energy, Västerås, Sweden, suggested
for further consideration in Applied Energy, 2020.
2. S. Emhardt, P. Song, G. Tian, J. Chew, M. Wei. CFD analysis of variable wall
thickness scroll expander integrated into small scale ORC systems. Energy Procedia
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3. S. Emhardt, G. Tian, J. Chew. Heat release modelling of a range extender scroll
engine. Energy Procedia 158, pages 2039-2045, 2019.
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1. British Council: Newton Fund UK-China PhD Placement Grant
Chapter 2
Literature review
The following chapter reviews the literature available for scroll expanders applied as power
generation devices in hybrid electric vehicle powertrain systems and waste heat recovery
units. Firstly, the latest requirements for vehicle powertrain systems are discussed.
Secondly, various waste heat recovery technologies for automotive engines are examined
followed by the analysis of the Organic Rankine cycle technology. Furthermore, an
overview of scroll expanders is included. A significant number of publications on scroll
machine geometry is reviewed before CFD simulations of scroll expanders are conclusively
inspected.
2.1 Latest requirements for vehicle powertrain sys-
tems
The Paris agreement, within the scope of the United Nations Framework Convention
on Climate Change (UNFCCC), aims to limit the global temperature rise and balance
the greenhouse gas emissions on earth. The electricity and heat production industry is
considered to be the main contributor to the global greenhouse gas emissions (25%) in
contrast to the road transport sector which accounts for about 10% of global greenhouse
gas emissions [62]. Most commercial and passenger cars (75%) will still be equipped with
a conventional engine beyond the year of 2040 contributing to the global greenhouse gas
emissions [62]. Hence, the current focus in the automotive industry lies on the optimisation
of the traditional internal combustion engine because it is still possible to further improve
its efficiency. This includes the implementation of alternative combustion cycles such as
the Atkinson or Miller cycle which enables the opportunity to apply higher expansion
than compression ratio. The generation of additional power without the combustion of
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additional fuel can be achieved. Further to this, the development of alternative fuels,
in addition to advanced combustion systems such as direct injection technologies and
waste heat recovery units, significantly contributes to better fuel economies and higher
efficiencies.
However, the sale of hybrid and fully electric vehicles is supposed to outperform that
of internal combustion engine powered vehicles in the next few decades. This trend is
attributable to lower CO2-emissions and reduced fuel consumptions of these vehicles
besides their more affordable price. In recent years, the automotive OEM’s (Original
Equipment Manufacturer) and supplier companies therefore expanded their product
portfolio with hybrid and electric vehicle powertrain systems to meet the aims of the
Paris agreement and to access a broader range of customers. Although hybridisation
is still at an early stage, according to MAHLE Powertrain Ltd. [62], mild and plug-in
hybridisation in particular are key opportunities to meet future CO2 targets as shown in
Fig. 2.1.
Fig. 2.1 Latest requirements for vehicle powertrain systems [62]
2.1.1 Major developments and future prospects for the range
extender technology
Innovative battery technologies are an important factor to shape the sustained success
of the electric mobility in the automotive industry. Nonetheless, it is still uncertain
which battery technology will prevail. Current lithium-ion batteries might soon reach
the limitations in terms of their energy storage capacity. Besides, raw materials such
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as cobalt run short. Series plug-in hybrid electric vehicles, commonly known as range
extender vehicles, could partly overcome these barriers. A plug-in series hybrid electric
vehicle powertrain system is schematically illustrated in Fig. 2.2.
Fig. 2.2 Schematic illustration of a plug-in series hybrid electric vehicle powertrain system [63]
It can be seen that the internal combustion engine and the tyres are not mechanically
connected. An automatic mechanical transmission (AMT) is integrated in between the
electric motor and the tyres. In other words, the gasoline powered engine is only used
to feed the electric motor with electricity by driving a generator when the battery is
depleted. The extension of the vehicle range is the main aim in case it is not possible to
recharge the batteries by plugging it in. A few companies aimed to implement commercial
solutions of range extender engine technologies on the hybrid electric vehicle market as
shown in Table 2.1.
Table 2.1 Commercial solutions for range extender engine technologies
Manufacturer Car model Internal combustion engine technology Year
Lotus Engineering - 1.2-liter 3-cylinder gasoline engine 2009 [55]
Audi A1 E-Tron 254cc Wankel engine 2010 [56]
Fisker Automotive Fisker Karma 2.0-liter 4-cylinder direct- 2011 [64]
injection turbocharged engine
MAHLE - 900cc 2-cylinder gasoline engine 2011 [58]
General Motors Cadiallac ELR 1398cc EcoFLEX LUU I4 gasoline engine 2013 [65]
Chevrolet Volt 1398cc EcoFLEX LUU I4 gasoline engine 2014 [66]
BMW i3 647cc 2-cylinder gasoline engine 2014 [57]
LEVC LEVC TX 1.5-litre turbocharged three- 2017 [67]
cylinder petrol engine
It can be noted that the utilised IC engines are mainly off-the-shelf engines which are
integrated into hybrid vehicle powertrain systems. The London EV Company (LEVC)
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launched the LEVC TX in 2017 [67]. Their plug-in range extender engine is equipped
with a 1.5-litre turbocharged three-cylinder petrol engine. However, a significant amount
of research was undertaken to develop alternative propulsion systems such as Wankel and
free-piston engines for range extenders. For instance, Audi equipped their A1 E-Tron
with a Wankel engine as shown in Fig. 2.3b [56]. The Wankel engine is advantageous over
its competitors due to the higher power to weight ratio especially in small size engines.
Recently, Mazda unveiled that a newly developed range extender driven by a Wankel
engine will hit the market in 2020 [68]. Range extender engine technologies can be also
found in buses [69, 70], vessels [71, 72] and unmanned aerial vehicles (UAV) [73, 74].
Whereas companies are focusing on developing commercial solutions, researchers place
greater emphasis on basic and fundamental research to look for alternative propulsion
systems such as micro turbines and fuel cells [75, 76].
(a) 1.2-liter 3-cylinder gasoline engine (b) 254cc Wankel engine
Fig. 2.3 Range extender engines from Lotus Engineering [55] (a) and Audi [56] (b)
As already pointed out in the Introduction (Chapter 1), another promising alternative
power source might be the novel scroll engine technology which is limited to patents
and theoretical studies [59–61]. The feasibility study of Lu et al. (2017) [61] revealed
that the same overall thermal efficiency at lower compression and pressure ratio was
achieved by operating the scroll engine in a Humphrey cycle in comparison to that
employed in Otto or Brayton cycles. This novel engine technology is believed to have
excellent NVH characteristics due to fewer moving parts in addition to its symmetric
expansion chamber layout. Furthermore, scroll engines should be characterised by a more
compact design in comparison to traditional reciprocating engines. It should be noted
that the combustion process occurs in two symmetric combustion chambers once per
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revolution. In contrast to Otto cycle engines in which two revolutions are necessary to
complete one cycle. The theoretical power output should be identical while only 25%
of the displacement is necessary. Another potential advantage is the opportunity to
decouple the compression and expansion process. The scroll engine can be operated on
Atkinson or Miller cycles by applying higher expansion than compression ratio. This, in
turn, could produce additional power without the combustion of additional fuel which
makes it more efficient than its competitors. In addition, the lack of valves, the high
reliability and the ease and low cost of manufacture make them suitable for PHEV in
the power range of 20-50kW. However, the sealing and cooling of this complex scroll
geometry may need to be overcome to establish this novel engine technology.
2.2 Waste heat recovery technologies for automotive
engines
The integration of waste heat recovery systems into automotive engines is an opportunity
to increase the internal combustion engine efficiency resulting in a decreased fuel con-
sumption along with lower CO2-emissions. The following section provides an overview of
current waste heat recovery technologies. More specifically, the thermoelectric generator
(TEG), the mechanical and electrical turbo-compound technology, the steam Rankine
cycle technology and the ORC waste heat recovery system are examined.
2.2.1 Thermoelectric generator
Fig. 2.4a exemplifies the working principle of a Thermoelectric Generator (TEG) for
waste heat recovery applications. The TEG consists of N-type and P-type semiconductor
pellets, a positive and a negative conductor and a substrate for instance made of ceramic.
Based on the Seebeck effect, the utilisation of a heat source and a heat sink imposes the
system a temperature (thermal) gradient which in turn generates electricity by means of
the thermoelectric material. The figure also includes the Peltier effect which is commonly
known as the reverse Seebeck effect. The used materials for thermoelectric applications
should be characterised by a poor thermal conductivity and a good electrical conductivity.
However, the most commonly used materials such as bismuth telluride (Bi2Te3) are
very expensive. Apart from the matter of expense, the TEG’s still have a low efficeny
of around 5% which needs to be overcome in order to bring the TEG technology to
production maturity. The need of a heat source which provides constant thermal energy
might also disadvantage thermoelectric generators. However, the compact design does
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not have any moving parts which leads to a smooth operation with a low vibration rate.
Fig. 2.4b includes the schematic illustration of an Automotive Thermoelectric Generators
(ATEG) [77]. The hot exhaust gas functions as the heat source, whereas the cooling load
from the cooling systems, is used as the heat sink.
(a) TEG working principle [78] (b) Automotive Thermoelectric Generators (ATEG) [77]
Fig. 2.4 Working principle of a thermoelectric generator (TEG) [78] and schematic illustration
of an Automotive Thermoelectric Generators (ATEG) [77]
2.2.2 Mechanical and electrical turbo-compound technology
Sendyka and Soczówka (2004) [79] analysed the mechanical turbo-compound technology to
recover waste heat from the exhaust gas. The system comprises a traditional turbocharger
(1), an additional power turbine (2), a gear system (3) and a toothed gear (4) as shown
in Fig. 2.5.
Fig. 2.5 Mechanical turbo-compound technology [79]
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The turbo compressor as part of a traditional turbocharger compresses the air to flow
through the air cooler before it enters the internal combustion engine (A). The exhaust
gases of the engine enter the turbine of the turbocharger under (B). After the exhaust
gases leave the turbine, they are forwarded and utilised by the additional power turbine
(C). The produced power is then transferred to the crankshaft (D). According to the
authors, this system can be used in heavy loaded engines and can achieve fuel savings of
5-11%. Hence, the turbo-compound technology may lead to increased power densities
resulting in a better fuel economy. Unreliability, increased costs and weight along with
additional occupied space might disadvantage this waste heat recovery system. The low
efficiency for the operation under part-load conditions should be considered in addition.
Fig. 2.6 illustrates the electrical turbo-compound technology developed by Caterpillar
[79] and John Deere [80]. Compared to the mechanical turbo-compound system, the
electrical turbo-compound system does not need a gear system to transmit the produced
mechanical power to the crankshaft. Hence, space can be saved. The technology of
Caterpillar was built by a turbine which drives a compressor by means of the exhaust
gas, commonly known as the traditional turbocharger. The space between turbine and
compressor was used to install a generator made of a rotor rotating around a stator in
order to produce electricity. The power turbine to drive the generator was installed next
to the traditional turbocharger in the system of John Deere. A fuel saving of 5-10% was
achieved according to Sendyka and Soczówka (2004) [79].
Fig. 2.6 Electrical turbo-compound technology developed by Caterpillar and John Deere [81]
2.2.3 Steam rankine cycle
BMW developed the turbosteamer technology which makes use of the steam Rankine
cycle as shown in Fig. 2.7. The turbosteamer technology was designed for a 1.8 litre
four cylinder gasoline internal combustion engine. The system consists of two combined
16 Literature review
cycles, namely one high-temperature and one low-temperature cycle. The former is
fed by the waste heat from the combustion engine exhaust gas whereas the latter is
fed by the heat from the cooling water circuit of the combustion engine. Each cycle
comprises a condenser, a pump, an evaporator and an expander turbine. The working
fluid water is vaporised by means of the evaporator to change from a liquid to a gaseous
state and thereby become steam. The generated high pressure steam is then expanded
through the expansion turbine to produce mechanical power which is transmitted to the
crankshaft of the internal combustion engine. The condenser cools the steam down after
it leaves the expander, which in turn causes the steam to change from a vapour state to
a liquid state. The liquidised fluid is then pumped back to the evaporator to complete
the cycle. 10kW additional power were produced and fuel savings of 15% were achieved
by the turbosteamer technology. However, the relatively heavy weight and the additional
occupied space still prevents the integration into a road vehicle.
Fig. 2.7 BMW turbosteamer technology [82]
Fig. 2.8 shows the schematic view and experimental test set up of the Rankine cycle
waste heat recovery unit designed and developed by Honda in 2008. The system fed by
steam increased the efficiency by 4%.
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(a) Schematic view of Honda’s system (b) Experimental test set up of Honda’s system
Fig. 2.8 Rankine cycle waste heat recovery unit from Honda [83]
2.2.4 Organic Rankine cycle waste heat recovery system
An organic Rankine cycle can be applied as a waste heat recovery technology if the
recovered energy is gained from middle to low grade waste heat. The reason is that the
boiling temperature of an organic fluid is lower than that of water.
Fig. 2.9 illustrates an ORC system fed by waste heat from an heavy duty 12-cylinder
diesel engine. The brake specific fuel consumption was decreased by 9-11%. The working
principle of the ORC will be explained in detail in the next section.
Fig. 2.9 Organic Rankine cycle waste heat recovery system [84]
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It can be concluded that there are no commercial solutions available for waste heat
recovery systems equipped with thermoelectric generators, mechanical and electrical
turbo-compounding technologies or steam/organic Rankine cycle units. The research and
development of these waste heat recovery systems is still at an early stage. Particularly the
steam or organic Rankine cycle systems can be promising solutions for heavy-duty vehicles
due to their potential to significantly contribute to better fuel economies. However, weight
reduction and save-spacing needs to be faced to meet the market requirements.
2.3 Organic Rankine cycle
This section reviews the literature available for Organic Rankine cycle. First of all, the
working principle of organic Rankine cycle is examined in this section. The selection of
the working fluid is discussed afterwards. The utilised heat sources to feed the ORC
systems and the choice of the appropriate expansion machine is finally analysed.
2.3.1 Working principle
The organic Rankine Cycle, consisting of a condenser, a feed pump, an evaporator and
an expander is fed by a refrigerant to operate the ORC system as illustrated on the left
in Fig. 2.10.
Fig. 2.10 ORC systems with (left) and without (right) a recuperator [85]
The working principle comprises the following steps to recover the waste heat from
middle to low grade heat sources such as internal combustion engine exhaust gas, biomass
combustion, industrial waste heat, solar thermal energy and geothermal heat. First of all,
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the energy from the waste heat is converted to the organic working fluid by heating it up
with the help of an evaporator. This, in turn, causes the fluid to change from a liquid to
a vapour state. The vaporised fluid is then expanded through the expander to produce a
mechanical movement of the expander drive shaft which can be used to produce electrical
or mechanical power. After it leaves the expansion machine, the condenser is responsible
for the cooling down process in order to liquidise the organic fluid. The liquidised fluid
is then pumped back to the evaporator to complete the cycle. The mass flow rate can
be adjusted by means of the feed pump. A recuperator can be integrated in the whole
system in order to preheat the liquidised working fluid before it reaches the evaporator
as shown on the right in Fig. 2.10.
2.3.2 Working fluid
The choice of the working fluid is of key importance for the ORC system performance
in terms of cycle efficiency and economy. According to Bao and Zhao (2013) [14], there
are two reasons why the choice of the working fluid is very complicated. Firstly, the
temperature of the heat sources varies from 80◦C for geothermal heat to 500◦ C for
biomass combustion heat. And secondly, it is very difficult to make the right choice due to
the wide variety of existing fluids from hydrocarbons and ethers over chlorofluorocarbon
(CFC) to siloxanes. Fig. 2.11 shows the temperature-entropy (T -s) diagram of the
most common organic working fluids for ORC applications. These are, in particular,
Fig. 2.11 T-s diagram of the most common organic working fluids [85]
Toluene, Heptane, Pentane, R123, R245fa and R134a. The organic working fluids can be
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categorised into wet, isentropic and dry fluids. The distinction is made on basis of the
saturation vapor curve in the T -s diagram. The slope of a wet working fluid is negative
( ds
dT
<0), the slope of an isentropic working fluid is almost vertical ( ds
dT
=0) and the slope
of a dry working fluid is positive ( ds
dT
>0). According to Quoilin (2011) [85], the boiling
temperature of an organic working fluid is much lower compared to water. Hence, the
heat recovery from low-grade heat sources such as geothermal heat is possible. Moreover,
it is not necessary to superheat the vaporised fluid before it enters the suction chamber
of the expander compared to water in the steam Rankine cycle. They also mentioned
that the quality of the vaporised fluid at the end of the expansion process is not crucial
for the ORC performance. It can also be seen in Fig. 2.11 that the organic working
fluids are characterised by a smaller entropy difference compared to water. The same
applies for the enthalpy during the vaporisation.
According to Bao and Zhao (2013) [14], the choice of the working fluid is therefore
depending on several factors such as the heat source type, the temperature level comprising
evaporation and condensation temperature, the system stability and the safety and
environmental concerns including the flammability. Furthermore, the fluid type/category
and their thermal physical properties and heat transfer characteristics, the equipment
structure and material compatibility, the expansion machine and the choice of the
performance indexes influence the selection of the working fluid.
2.3.3 Heat sources
The module for combined heat and power applications using scroll expanders can be
fed with waste heat from sewage gas, process steam, exhaust gas of gas turbines and
combustion engines and industrial processes from the glass and cement industry. Moreover,
electrical power can be also generated in a regenerative manner from heat sources like
biomass and biogas combustion, solar energy and geothermal heat as shown in Fig. 2.12.
(a) Solar energy heat (b) Geothermal heat (c) Biomass combustion heat
Fig. 2.12 ORC systems fed by different heat sources [85]
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Hence, the scroll expander has the opportunity of opening up new application fields.
However, it can also bring innovation and changes to these green technology areas.
2.3.4 Expansion machines
Fig. 2.13 presents an overview of suitable expansion machines for ORC applications
which can be classified into two major categories. Namely, the dynamic/velocity and
the positive displacement types. The former includes jet ejectors and turbo machines
such as axial and centrifugal(radial)-inflow turbines. The latter comprises reciprocating
piston expanders, rotary vane or rolling piston expanders, screw expanders and scroll
expanders.
Fig. 2.13 Overview of suitable expansion machines for ORC applications [86]
Bao and Zhao (2013) [14] provided a review of expansion machines for ORC applications
and compared them in terms of power output, rotational speed, efficiency, cost, weight
and manufacturability as shown in Table 2.2.
Hence, dependent on the application of the ORC system, the choice of the expansion
machine is of key importance. Compared to their competitors, the scroll expander is
characterised by its high efficiency, high pressure ratio, light weight, low cost and simple
manufacturing process. No valves are required to operate scroll expanders. The relatively
low flow rate and low level of noise and vibration, as a result of fewer moving parts and
much lower rotational speed, are additional positive characteristics. Furthermore the
high reliability and the tolerance to two-phase flows make them suitable for applications
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in small or micro ORC systems [14]. But in addition to the favourable properties, the
low capacity and the lubrication requirements need to be considered.
Table 2.2 Key features of expansion machines for ORC applications [14]
Type Capacity Rotational Cost Advantages Disadvantages
range (kW) speed (rpm)
Scroll expander 1-10 <6000 Low High efficiency, simple Lubrication needs
manufacture, light weight, and low capacity
low rotational speed and
tolerable two-phase
Rotary vane 1-10 <6000 Low Tolerable two-phase, stable Lubrication needs
expander torque, simple structure and and low capacity
low cost and noise
Reciprocating 20-100 - Medium High pressure ratio, mature Many moving parts,
piston expander manufacturability, adaptable heavy weight, valves
in variable working conditions and impulsive torque
and tolerable two-phase
Screw expander 15-200 <6000 Medium Tolerable two-phase, low Lubrication needs,
rotational speed and high difficult manufacture
efficiency in off-design and seal
conditions
Radial-inflow 50-500 8000-80000 High Light weight, mature High cost, low efficiency
turbine manufacturability in off-design conditions
and high efficiency and no two-phase flows
2.4 Scroll expander overview
The following section describes the classification of scroll expanders into different types
followed by the representation of the scroll expander working process including the
explanation of the phenomena of over- and under-expansion and internal leakages. The
section also comprises the presentation of the scroll expander structure including the
working principle of the Oldham Ring. A list with the leading research groups and the
main manufacturers in the world complete this section.
2.4.1 Scroll expander classification
Scroll expanders are not mass-produced and the development of commercial available
scroll expanders is in an initial stage [25]. Scroll expanders are in most cases modified
and in reverse driven scroll compressors. Song et al. (2015) [25] classified the scroll
compressors which can be modified into scroll expanders into different types as shown
in Fig. 2.14. These are, in particular, hermetic refrigeration scroll compressors (a),
semi-hermetic automotive A/C compressors (b), open-drive automotive A/C compressors
(c) and open-drive scroll air compressors (d). The conversion is therefore dependent on
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the scroll compressor type. The system of hermetic scroll compressor and generator is
completely integrated into a casing made of steel. Mathias et al. (2009) [17] investigated
the performance of a modified hermetic scroll compressor in an ORC system. The results
revealed a maximum isentropic efficiency of 83%. Bracco et al. (2013) [22] examined this
kind of scroll expander in an ORC unit fed by R245fa. The achieved isentropic efficiency
was 75%.
The semi-hermetic compressor devices have a small size, are characterised by their
lightweight and are usually used in automotive air-conditioning units. Hoque et al.
(2011) [18] achieved a maximum isentropic efficiency of 80% for a semi-hermetic scroll
expander fed by R134a. The maximum isentropic efficiency of 75% was achieved for the
investigated expander of Jradi et al. (2014) [24].
Another utilised scroll compressor for automotive air conditioners is the open-drive
compressor. The generator is driven by means of a belt pulley. Saitoh et al. (2007) [15]
modified this kind of compressor and carried out experiments. The analysis of the results
showed a maximum isentropic efficiency of 63%.
The open-drive scroll air compressor is a further compressor device which can be modified
into a scroll expander. Zhou et al. (2013) [21] modified this compressor type into an
expander and performed an experimental investigation with R123.
Fig. 2.14 Different types of scroll machines [25]
2.4.2 Scroll expander working process
The scroll expander working process can be divided into three parts as illustrated in Fig.
2.15, specifically, the suction process, the expansion process and the discharge process.
The most classical approach so far is the scroll expander geometry consisting of two
scrolls defined by involutes of a circle. The fixed and orbiting scroll are shifted to each
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other by 180 degrees in order to generate a series of working chambers. The red-coloured
area in Fig. 2.15 visualises where the high temperature and high pressure working fluid
enters the opened suction chamber in the middle of the expander geometry. The fluid
leaves the suction chamber after one revolution of the eccentrically orbiting scroll. As a
result, the fluid enters the expansion chambers and the expansion process takes place in
a gradual manner. Finally, the expanded working fluid is discharged through the outer
chamber of the scroll expander which is accordingly referred to as the discharge chamber.
In comparison to the inlet pressure, the outlet pressure decreases due to the gradually
increased expansion chamber volume. The Pressure ratio (PR) is used to describe the
ratio of the inlet to the outlet pressure (PR= pin
pout
). In this context, the fixed built-in
volume ratio is another important performance factor. It is defined as the volume in
the expansion pockets at the end of the expansion process divided by the volume in the
expansion pockets at the start of the expansion process. Expansion losses arise if the
imposed pressure ratio does not match the built-in volume ratio, in particular over- and
under-expansion losses as described in the next subsection.
Fig. 2.15 Scroll expander working process [85]
Internal leakages
Fig. 2.16 illustrates the two different types of fluid leakages which arise during the
expansion process. Namely, the leakages through the axial clearance (δr) between the two
scrolls and the scroll plates from high over medium to low pressure chambers, accordingly
designated as radial leakages. The leakages through the radial clearance (δf) between
the two scrolls from high to low pressure chambers are defined as flank leakages. This, in
turn, can lead to a re-expansion of the working fluid. The result is, that the volumetric
efficiency (ηvol) is detrimentally influenced by those expansion losses. The volumetric
efficiency defines the ratio between the amount of working fluid which leaves the scroll
expander after the discharge process is completed and that which is inserted into the
scroll expander. It can also be defined as the ratio between expanded volume and scroll
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expander displacement. The use of tip seals is an opportunity to prevent the leakage
losses.
Fig. 2.16 Definition of internal leakages [87]
Table 2.3 shows an overview of utilised clearance gap widths in scroll expander models
obtained from the works of Bell (2011) [88] and Song et al. (2015) [25].
Table 2.3 List of gap clearance values for scroll expander modelling [88, 25]
Authors Radial clearance (δf ) Axial clearance (δr)
(µm) (µm)
Yuan et al. (1992) [89] 10 10
Suefuji et al. (1992) [90] 5-15 5-15
Ishii et al. (1996) [91] 10 10
Ishii et al. (1996) [92] 10 20
Halm (1997) [93] 0-40 0-5
Youn et al. (2000) [94, 95] 37,52 10-30
Schein and Radermacher (2001) [96] 10-30 10-30
Lee et al. (2002) [97] 15 10
Kang et al. (2002) [98] 10 15
Xiaojun et al. (2004) [45] 10 15
Kim et al. (2007) [99] 64 40
Ishii et al. (2008) [100] 6 3
Lemort et al. (2008) [101] 10 40
Yang et al. (2008) [102] 49-75 49-75
Clemente et al. (2010) [103] 20-60 20-60
Bell et al. (2013) [104] 5-25 5-25
Apart from the influence of the over- and under-expansion losses and the internal leakages
on the maximum shaft power and isentropic efficiency of the scroll expander, further
influencing performance factors such as rotational speed, friction losses and heat transfer
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effects need to be considered. Friction losses occur during the operation of the scroll
expander between the driveshaft and the bearings and the moving and the fixed scroll
respectively. Heat transfer effects such as convection and conduction can arise between
the scroll expander casing and the environment as well as between the orbiting and fixed
scrolls and the organic fluid. Heat losses can also occur due to the interaction of the
suction and discharge chambers with the organic fluid. Moreover, energy losses in form
of suction pressure losses are caused by the blocking effect of scroll tips.
2.4.3 Structure of the scroll expander geometry
Fig. 2.17 shows the section view of the scroll expander structure. It can be seen that the
drive shaft is connected with the orbiting scroll and equipped with two bearings. Hence,
the produced mechanical power can be used to drive a generator in order to produce
electricity. An additional weight is attached to the drive shaft to balance the centrifugal
forces generated by the orbiting scroll. An Oldham ring is responsible for the avoidance
of the rotation of the orbiting scroll around its own axis.
Fig. 2.17 Section view of the scroll expander assembly [105]
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Oldham ring
Fig. 2.18 shows the structure of the Oldham ring and the respective assembly with the
fixed and orbiting scroll. An Oldham ring can be used in order to avoid any angular
motion of the orbiting scroll around its own axis. Another feature is the restriction of
the orbiting scroll movement to a specified orbiting radius.
Fig. 2.18 Structure of the Oldham ring [106]
The mode of operation of the Oldham ring can be explained by means of Fig. 2.19.
Fig. 2.19 Mode of operation of the Oldham ring [106]
The geometry consists of four Oldham ring keys. One key pair is attached to the fixed
scroll and one key pair is attached to the orbiting scroll respectively. In this way, it is
ensured that the orbiting scroll can only translate in the horizontal direction in relation
to the Oldham ring geometry. Besides, the Oldham ring can only translate in the vertical
direction in relation to the fixed scroll. Arising thereby is the eccentric orbiting motion
of the moving scroll.
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2.4.4 Development summary of scroll machines
The leading research groups in the world are listed in Table 2.4.
Table 2.4 Leading research groups in the world
University Country
Beijing Institute of Technology China
Tsinghua University
Purdue University USA
University of Liège Belgium
Ecole Polytechnique Fédérale de Lausanne Switzerland
Swiss Federal Institute of Technology of Lausanne
Università degli Studi di Parma Italy
Newcastle University UK
The main scroll expander manufacturers in the world can be extracted from Table 2.5
Table 2.5 Main scroll expander manufacturers in the world
Manufacturer Country
Air Squared, Inc. USA
ECR International
OBRIST Engineering Austria
Exoès France
Eneftech Innovation Switzerland
whereas the main scroll compressor manufacturers are included in Table 2.6.
Table 2.6 Main scroll compressor manufacturers in the world
Manufacturer Country
Bristol Compressors International, LLC USA
Copeland - Emerson Climate Technologies
Hitachi, Ltd. Japan
Sanyo
Sanden Corporation
Denso Corporation
Bitzer SE Germany
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2.5 Scroll expander geometry
The following section reviews the literature available for scroll expanders and discusses
previous work from the viewpoint of the scroll machine geometry. It also considers a signif-
icant number of publications on scroll compressors as they share common characteristics.
First of all, publications related to geometrical modelling are discussed. Afterwards, the
influence of varying scroll geometrical parameters on the performance of scroll expanders
with constant wall thickness is analysed. Furthermore, scroll expander geometries with
variable wall thicknesses are examined. The comparison of scroll expander geometries
using unconventional scroll profiles is presented before the effect of the scroll tip shape
on the performance is finally summarised.
2.5.1 Geometrical modelling
A geometrical model includes the equations to generate the scroll profiles for the descrip-
tion of the geometry. This is the basis for the development of analytical expressions
for the chamber volumes and internal leakages depending on the orbiting angle during
the scroll working process. A simplified and reliable geometrical model is required in
order to combine and couple it with a thermodynamic model to capture the fluid thermal
effects in terms of pressure fields, mass flows, heat transfer losses and other effects on the
performance. Compared to scroll expanders, scroll compressors have been more widely
studied and therefore provide the necessary knowledge which can be used to design scroll
expanders. Hence, an overview of the development of scroll compressor models is given
in the following subsection. The second sub-section considers the expander models which
are based on the geometrical approaches of the compressor models.
Scroll compressor models
Many researchers have developed mathematical models of scroll machines with scroll
designs described by an involute of a circle with a constant wall thickness to investigate
and understand the influence of the scroll geometry on the performance. These scroll
profiles are based on a differential equation Eq. (2.1) which relates the tangential distance
between the inner and outer involute L and the base circle radius a.
δL(ϕ)
δϕ
= a (2.1)
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The individual coordinate points (x) and (y) on the two circle of involutes can be
determined by using Eqs. (2.2) and (2.3)
x = a(cos(ϕ) + ϕsin(ϕ)) (2.2)
y = a(sin(ϕ)− ϕcos(ϕ)) (2.3)
in which ϕ is defined as the involute angle. For example, Hayano et al. (1986) [107]
captured the change of the chamber volume during the compression process by developing
several different equations depending on the orbiting angle. The scroll profiles were
approximated with several semi-circles. In 1984 and 1986, Morishita et al. [108, 109]
used a similar approach to calculate the change of the chamber volume not only during
the compression but also the discharge process and the function can be expressed as
Vi(θ) = πp(p− 2t)h
[
(2i− 1)− θ
π
]
(2.4)
where p describes the scroll pitch p = 2πa, t the scroll wall thickness, h the scroll
profile height and θ the orbiting angle. The initial angle of the inner involute αi was
equated with the negative initial angle of the outer involute α0 (αi=-α0) as shown in Fig.
2.20. The generation of the scroll profiles and the associated modelling complexity was
simplified due to the elimination of one parameter. Tojo et al. (1986) [110], Etemad
Fig. 2.20 Initial angles of the involutes [88]
and Nieter (1988) [111] and Nieter (1988) [112] conducted further simulations using the
geometrical model of Morishita [108, 109]. Whereas all the previous investigations were
based on the assumption of a quasi-static suction process, Nieter (1988) [112] constructed
a model which for the first time took the instantaneous flow rate and the pressure losses
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in the suction chamber into account. Another analytical analysis of Nieter and Gagne
(1992) [113] was more complete due to the fact that the position of the discharge port
was considered. Moreover, a transfer matrix approach from the frequency domain was
implemented into the geometric model to examine the correlation between the pressure
pulsations in the compressor discharge manifold and the pulsating flow characteristics
in the discharge port. Although the authors pointed out its significance and provided a
detailed description of the matrix approach, no evaluation of the particular effects on the
compressor performance or the manifold design was presented in their work. Compared
to previous studies which used the same set of equations to model the compression and
discharge process respectively, Hirano et al. (1988) [114] and Yanagisawa et al. (1990)
[115] built a geometrical model which treated and calculated the volume change in the
suction, compression and discharge chambers separately by using three different sets of
equations. Moreover, the calculation of each chamber volume change was reduced to just
one function rather than a set of several equations in all three cases. The change of the
compression chamber volume reads
Vc = 2πhar0(2ϕe − 2θ − 3π) (2.5)
where ro is the orbiting radius of the moving scroll and ϕe the involute ending angle.
Hence the computational complexity was reduced, although the initial angle of the inner
involute was still equated with the negative initial angle of the outer involute.
Zhu et al. (1994) [116] combined the suction process approach of Yanagisawa et al.
[115] and a similar approach to Morishita’s [108, 109] compression and discharge process
modelling to develop a scroll compressor for higher pressure ratios than in previous
studies. The model allowed modification of the scroll height and the position and shape
of the discharge port. The compression and discharge process in the geometrical model
of Liu et al. (1996) [117] was also related to the approach of Morishita’s [108, 109]
model. In this study the suction pressure losses were determined by considering the
influence of a backpressure mechanism on the suction pressure. Following the geometrical
model approach of Yanagisawa [115], Halm (1997) [93] and Chen et al. (2002) [118, 119]
integrated individual models for the compression process, internal leakages, heat transfer
and overall energy balance into their thermodynamic model in order to make it more
complete than in previous studies. The change of the compression chamber volume can
be expressed as
Vc = 2πhar0
(
2ϕe − 2θ − 72π
)
(2.6)
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All of the aforementioned geometric models only estimated the leakages during the
compression process and neglected them in the suction and discharge processes. A
distinction between tangential and radial leakage areas was included. According to
Wang et al. (2005) [120], it was difficult to use these models in combination with a
numerical control machine to manufacture the scrolls. The main reason was the need for
arrangement of the scrolls in a certain position and angle. That is why a geometrical
model with arbitrary initial involute angles was for the first time constructed by the
authors as visualised in Fig. 2.21.
Fig. 2.21 Arbitrary initial involute angles [120]
The individual coordinate points xi,o and yi,o on the two circle of involutes can be
determined by using Eq. (2.7)–(2.10) respectively.
xi = a(cos(ϕi + αi) + ϕisin(ϕi + αi)) (2.7)
yi = a(sin(ϕi + αi)− ϕicos(ϕi + αi)) (2.8)
xo = a(cos(ϕo + αo) + ϕosin(ϕo + αo)) (2.9)
yo = a(sin(ϕo + αo)− ϕocos(ϕo + αo)) (2.10)
A subsection function was used to express the volume during the suction, compression
and discharge processes including a mathematical representation of the tangential and
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radial leakage areas. The change of the volume during the compression process reads
Vc = 2πhar0(2ϕe − 2θ − (αi + αo − π)) (2.11)
Hence, it was easier to model a larger variety of different scroll compressor geometries
than with previous methods.
The coordinate system of the conventional reference frame had its origin at the base
circle of the fixed involute. Inspired by the geometry description of Halm [93] and based
on the model of Gravesen [51] for constant wall thicknesses, Blunier et al. (2006,2009)
[121, 122] constructed a geometrical model with a novel reference frame characterised
by a coordinate system which has its origin at the symmetry centre of the scrolls. This
approach provided exact analytical expressions of the compression and discharge chamber
volumes and simplified the model. Many further publications related to scroll compressor
geometrical models have used this geometrical approach. The ability to cope with
complex profiles in turn led to an increased design flexibility for scrolls with constant
wall thickness.
Scroll expander models
Geometrical scroll compressor models can be applied to scroll expanders due to the fact
that the machine geometry is the same. The operation takes place in reverse direction in
the expander. The individual chambers must be redefined from suction into discharge,
compression into expansion and discharge into suction respectively. This clearly builds
on the compressor modelling described above, with the first scroll expander models
appearing around 2008. For a more accurate calculation of the chamber volume during
the suction process of the scroll expander, Bell et al. (2008-2012) [88, 123, 124] improved
the models of Halm [93] and Chen et al. [118, 119] by describing the scroll tip geometry
in the suction area with two arcs and a tangent line instead of the previous approach
of a simple tangent arc. The expander models of Lemort et al. (2008) [101] and Bell
et al. (2008) [123] combine versions of the geometrical models of Halm [93] and Bell
et al. [123] with thermodynamic modelling of the expansion process. The geometrical
approach of Halm [93] was also implemented in another expander model by Lemort et
al. (2009) [125]. This model was characterised by a control volume analysis linked with
differential equations of mass and energy. The authors stated that the model could be
used to improve the performance by means of modifying the scroll expander design,
having advantages in terms of accuracy, low computational time and robustness. Both
studies by Lemort have indicated that a better system performance could have been
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achieved by using an expander with a larger built-in volume ratio due to the associated
opportunity of applying higher pressure ratios which are more suitable for Rankine cycle
applications.
Other researchers have based models on Halm’s [93] or Blunier et al.’s [121, 122] geometric
models, focussing on different aspects of performance [126–130]. Notably the combination
of an increase of the suction chamber size by modifying the constant wall thickness and
the extension of the scroll profile length to improve the performance of a scroll expander
integrated in a hybrid pneumatic actuator system [126, 127]. Legros et al. (2013) [128]
pointed out that the prediction of the maximum isentropic efficiency is not only related
to the built-in volume ratio and the corresponding pressure ratios but also dependent on
flank/radial leakage and friction losses. The studies of Liu et al. (2015) [129] showed the
ability to predict the optimum pressure ratio to avoid over- and underexpansion which
was in agreement with experimental data. This study also illustrated that a longer scroll
profile length is necessary to increase the inlet pressure and apply higher pressure ratios.
The study by Guo (2016) [130] did not include a thermal analysis of the expansion process
but it showed consistency of expansion and discharge chamber volume calculations with
Bell’s analytical predictions and that a dual arc tip with perfect meshing profile created
a higher built-in volume ratio than a single arc tip.
The analytical and experimental validations in the scroll expander model studies have
confirmed that the geometrical approaches of the compressor models can be successfully
coupled and combined with a thermodynamic model in order to design expander geometry
and predict the expander working process with a good accuracy. Moreover, the need for
high built-in volume ratios for applications in small ORC systems has been demonstrated.
2.5.2 Scroll expander with a constant wall thickness
This section concerns scroll expander geometries with a constant wall thickness. The
influence of varying scroll geometrical parameters such as the base circle radius, the scroll
height or the scroll profile length on the performance are elaborated in the first sub-
section. No discussion about the influence of different scroll profiles on the performance
are included in this section due to the fact that only involute of circles have been
considered. The orbiting radius of the moving scroll is specified by the wall thickness
and the base circle radius. It can also be determined due to the distance between the
origins of the two base circles. Hence, the orbiting radius is not examined in detail due
to the dependency on the two other main parameters. There are different opportunities
to generate the scroll tip designs which are discussed along with their effects on the
performance in a separate Section (2.5.5). Many authors have adjusted the operational
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parameters to improve the performance of a scroll expander geometry with a fixed built-in
volume ratio. These studies are considered in the order of increasing built-in volume
ratios in the second sub-section to compare the influence of the latter on performance.
Influence of varying scroll geometrical parameters on the performance
Only a few researchers have conducted investigations in terms of varying the geometrical
parameters of scroll machines characterised by scroll profiles created by the involute of a
circle with a constant wall thickness, as illustrated in Fig. 2.22.
Fig. 2.22 Scroll geometry with constant wall thickness [131]
In these studies, the thermodynamic cycle parameters, displacement volume, pressure
ratio and the fluid properties were kept constant representing ORC system conditions.
The basic structure of this type of scroll expander geometry is defined by the following
main parameters:
• base circle radius (a)
• inner and outer involute initial angles (αi and αo)
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• scroll profile (only involute of circles are considered here)
• scroll profile height (h)
• scroll profile length
• scroll wall thickness (t=a ·(αi - αo))
• orbiting radius of the moving scroll (r0=a ·π-t)
• built-in volume ratio (rv, determined by the parameters above)
• scroll tip shape (determined by the parameters above)
The table below (Table 2.7) summarises studies of the influence of the scroll geometrical
parameters on the scroll machine performance. The influence of each of the parameters
in the left hand column is discussed in the sub-section below.
Table 2.7 Influence of varying scroll geometrical parameters on the performance
Modified parameter Authors Results and outcomes
base radius radius - Puff and Kruger - increasing base circle radius led
(1992) [132] to a larger suction volume but
- Ishii et al. also reduced ηmech
(1992, 1994, 1996) [133, 134, 91]
involute initial angles - Etemad and Nieter - decreasing influence of increasing
(1989) [135] α0 on the discharge velocity
scroll profile height - Morishita and Sugihara - overturning moment of moving
(1986) [136] scroll limited scroll height h
- Etemad and Nieter - the increase of the scroll height h
(1989) [135] resulted in increasing gas forces
- Ishii et al. and flank leakages and decreasing
(1992, 1994, 1996) [133, 134, 91] radial leakages
- Puff and Kruger - decreasing scroll height h resulted
(1992) [132] in increasing thrust loads
- VanderKooy
(2004) [137]
- Zhu et al. - scroll height h should be decreased
(1994) [116] in the discharge region to apply
higher pressure ratios
- Tateishi et al. - 3D scroll profile with varying scroll
(2006) [138] heights improved the efficiency by
- Kuwahara et al. 5.5% and the capacity by 11%
(2017) [139]
scroll profile length - Clemente et al. - higher pressure ratios due to longer
(2012) [46] scroll profiles
scroll wall thickness - Puff and Kruger - reduced energy efficiency ratio for
(1992) [132] increasing t
built-in volume ratio - Chang et al. - higher pressure ratios due to higher
(2014, 2015) [47, 48] built-in volume ratios
2.5 Scroll expander geometry 37
Base circle radius (a)
Ishii et al. (1992, 1994, 1996) [133, 134, 91] analysed the mechanical efficiency (ηmech) of
a scroll compressor which was determined by the ratio of the analytically calculated gas
power due to the compression process and the motor input power which is needed to
drive the scroll compressor. The deviation from the ideal performance due to friction
losses was obtained by multiplying the forces acting on the orbiting scroll, thrust bearing,
crank journal and crank pin with frictional coefficients respectively. Typical values for the
maximum achievable mechanical efficiency are 90–95%. In order to keep suction volume,
scroll profile length and scroll wall thickness constant, the base circle radius was increased
for a decreasing scroll height or vice versa. The friction losses increased for lower base
circle radius values due to the associated increase of the scroll height. A base circle radius
of 2.7mm and a scroll height of 5mm were found as the optimum combination to achieve
a maximum mechanical efficiency of 92.5%. It was also shown that increasing crankshaft
speed fluctuation ratio (1–4%), specified as the difference between the maximum and
minimum crankshaft rotational speed divided by the average crankshaft rotational speed,
generated higher vibrations for higher base circle radius values. However, it should be
stated that no details about the scroll compressor size (built-in volume ratio) can be
found in the authors work. In the analysis of Puff and Kruger (1992) [132], the increasing
base circle radius produced a reduction of the mechanical efficiency due to the entire
scroll geometry and its eccentricity being simultaneously enlarged, leading to increased
friction between the scrolls.
Inner and outer involute initial angles (αi and αo)
The involute initial angles were identified as one of the most important parameters in the
work of Etemad and Nieter (1989) [135], because they define the size of the discharge port
in a scroll compressor or the suction port in a scroll expander respectively. Their results
reported a decreasing influence of increasing outer involute initial angles along with
increasing scroll heights on the discharge velocity in a scroll compressor. The capacity,
built-in volume ratio and scroll wall thickness were kept constant.
Scroll profile height (h)
A number of researchers carried out investigations varying the scroll profile height of
scroll machines [116, 133, 134, 91, 132, 135–137]. The scroll wall thickness, displacement
and operating conditions were kept constant to find the optimum scroll geometry in
their studies. The evaluation of Morishita and Sugihara (1986) [136] showed that the
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overturning moment of the moving scroll limited the scroll height. The minimum scroll
height was dependent on the weight and outer diameter of the moving scroll. Ishii et
al. (1992, 1994, 1996) [133, 134, 91] and Etemad and Nieter (1989) [135] pointed out
that a larger scroll height also resulted in larger gas forces and therefore increasing
shaft loads at the crankshaft and its journal bearings. A lower scroll height resulted
in increasing thrust loads from the orbiting scroll which are transmitted to the thrust
bearings [133, 134, 91, 137]. The results of Etemad and Nieter (1989) [135] reported that
the flank leakages increased for a higher scroll height whereas the influence of the radial
leakages decreased, although the latter still affected the performance more significantly.
The analysis of Puff and Kruger (1992) [132] and VanderKooy (2004) [137] also showed
that an increase of the scroll height reduced the volumetric efficiency due to the increasing
flank leakages. The scroll compressor geometry in the analytical investigations of Zhu et
al. (1994) [116] is created by an involute of a circle consisting of a decreased scroll profile
height in the discharge chamber in comparison to the suction and expansion chambers.
In other words, the built-in volume ratio was increased in order to develop a compressor
for higher pressure ratios than in previous studies. But no performance comparison
to a conventional constant wall thickness scroll compressor was included in their work.
Kawano and Terauchi [140, 141] from Sanden Corporation (1984,2006) filed patents for
constant wall thickness scroll compressor made of varying scroll heights throughout the
working chambers. The studies of Tateishi et al. (2006) [138] and Kuwahara et al. (2017)
[139] from Mitsubishi Heavy Industries, Ltd. revealed an improvement of the efficiency
by 5.5% and a significant higher refrigerating capacity of 11% for this specific 3D scroll
type in comparison to conventional designs due to its smaller size with less clearance
leading to less leakages during the compression process. But no details about the built-in
volume ratios, the working fluid and the applied pressure ratios were provided. The
thicker wall thickness of the end plates of the fixed and orbiting scroll in the regions
where the scroll heights are decreased might lead to unbalanced gas forces disadvantaging
the driving torque. Moreover, the continuous compression process might be disrupted at
the steps where the scroll height is varying due to potential pressure imbalances and the
generation of secondary flow vortices.
Scroll profile length
In 2012, Clemente et al. [46] modelled the performance of two scroll machines numerically
by increasing the scroll profile length from 2.75 revolutions to 4.75. However, it should
be noted that no details about the scroll machine size in terms of the built-in volume
ratio can be found in their work. The scroll efficiency was equal to the product of the
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efficiencies determined by the sub-models incorporating over- and underexpansion, heat
transfer, friction and leakage losses respectively. The short scroll reached the maximum
scroll efficiency of 70% at a pressure ratio of 3.5 whereas the long scroll achieved 65%
at 5.5. The lower scroll efficiency of the longer scroll was attributed to excessive heat
transfer losses. A scroll profile length of 4.75 revolutions can be also found in the work
of and Kane et al. [142] and Manzagol et al. [143].
Scroll wall thickness (t)
The studies of Puff and Kruger (1992) [132] revealed a reduced energy efficiency ratio,
which is defined as cooling capacity divided by power input to the scroll compressor
shaft, for an increasing wall thickness. The scroll height was increased at the same time
to keep the displacement constant.
Built-in volume ratio (rv)
The built-in volume ratio (rv) is specified as the discharge chamber volume at the
beginning of the discharge process (Vd) divided by the maximum suction chamber volume
(Vs,max) and reads
rv =
Vd
Vs,max
(2.12)
Some researchers defined the built-in volume ratio as the expansion chamber volume at
the end of the expansion process divided by the expansion chamber volume at the start
of the process, but in fact they are identical as the volumes are the same. Each scroll
machine has therefore a fixed value for the built-in volume ratio and the size can only be
changed permanently by the geometrical variation of the parameters listed above. For
instance by increasing the scroll profile length.
Three open-drive scroll expanders with different built-in volume ratios of 2.12, 2.95 and
4.05 were tested by Chang et al. (2014, 2015) [47, 48] and their experiments revealed
maximum isentropic efficiencies of 68.4%, 76% and 73.1% respectively. As also shown by
Clemente et al. [46], a shift towards higher pressure ratios along with increasing built-in
volume ratios to reach the maximum isentropic efficiencies can be seen. The p-V diagram
for the process shows an enhancement of the produced shaft power for an increasing
built-in volume ratio. In particular, for Chang et al.’s scrolls, the power achieved was
1.34 kW, 1.43 kW and 2.3 kW.
To sum up this part of the literature survey, it can be stated that among all the geometrical
parameters the built-in volume ratio is one of the most important design parameters
to predict the expander performance. But the increase of the built-in volume ratio
40 Literature review
associated with the extension of the scroll profile length is limited, because a longer scroll
profile length results in larger radial leakages and increasing heat transfer effects and
friction losses. In the following section, the impact of operational parameters on the
expander performance of scroll machines with fixed built-in volume ratios is discussed.
Influence of the built-in volume ratio on the expander performance
As already mentioned in the previous section, the built-in volume ratio is one of the
most important parameters from the thermodynamic point of view that affects the
performance of a scroll expander. Further important fluid parameters are the inlet and
outlet pressure which are defined by the pressure ratio. The matching of the imposed
pressure ratio and the built-in volume ratio is essential in order to avoid under- or
over-expansion losses. Along with other influencing factors such as the rotational speed,
leakage flows, friction and heat transfer losses, this adjustment is important to achieve
an efficient performance. Fig. 2.23 [131] illustrates the pressure-volume diagram of the
under-expansion (a) and over-expansion (b) phenomena. The sections A-B, B-C and
Fig. 2.23 Under-expansion (a) and over-expansion (b) phenomena [131]
C-D-E represent the suction, expansion and discharge process respectively. ph is specified
as the inlet pressure, px as the pressure at the end of the expansion process and pa as the
outlet pressure. ϵ∗ and ϵ are defined as the real and designed pressure ratio respectively.
A pressure gradient characterised by a higher pressure in the expansion chambers at the
time when the expansion process is finished than that in the expander outlet pipe leads
to under-expansion losses. The energy of the working fluid can not be fully expanded. In
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contrast to over-expansion losses which are associated with a back flowing working fluid
during the discharge process. This is induced by a pressure gradient characterised by a
higher pressure in the expander outlet pipe compared to that in the expansion chambers.
Over-expansion losses are particularly detrimental to the scroll expander efficiency.
The present section considers experimental investigations of constant wall thickness
(excluding the scroll tip area) scroll expanders and compressors in the order of increasing
built-in volume ratios as shown in Table 2.8.
Table 2.8 Scroll machines with different built-in volume ratios
Authors rv PR ηis ηcycle Pmax Working
(-) (-) (%) (%) (kW) fluid (-)
Bell et al. (2011) [88] 1.61 - 65% - - R410a
Hugenroth et al. (2006) [144] 1.8 - 66% - - R134a
Woodland et al. (2012) [145] 1.8 2.1 74% - - R134a
Mendoza et al. (2014) [146, 147] 1.9 2.2/1.95 60/61% - 0.35kW/0.96kW Air/NH3
Miao et al. (2017) [148] 2.27 - - 5.64% 2.65kW R123
Kane et al. (2003) [149] 2.3 2.76 68% 14.1% 10kW R134a/R123
Zanelli and Favrat (1994) [12] 2.44 3.2 65% - 3.5kW R134a
Wang et al. (2009) [150] 2.5 3.7 77% - 1kW R134a
Lemort et al. (2012) [151] 3.0 3.65 71.03% - 2.032kW R245a
Yang et al. (2015,2016) [152, 153] - 3.7 75.2% 5.4% 2.158kW R123
Feng et al. (2017) [154] 3.0 - 85.17% 5.14% 2.78kW R123
Yanagisawa et al. (2001) [155] 3.18 5.05 60% - - Air
Guangbin et al. (2010) [156] - 3.66 65% - 1.073kW Air
Yang et al. (2017) [157] 3.24 - 79.56% 5.92% 2.64kW R245fa
Gao et al. (2015) [158] - 5.0 70% - 0.31kW Air
Qiu et al. (2018) [159] 3.5 - 58% - 0.965kW Air
Declaye et al. (2013) [160] 3.95 3.42/4.33 75.7% 8.5% 2.1kW R245fa
Lemort et al. (2009) [13] 4.05 5.25 68% - 1.82kW R123
Peterson et al. (2008) [161] 4.57 3.82 50% 7.2% 0.256kW R123
Note that in each of the studies considered in this section, the value for the built-in
volume ratio was not varied. In other words, the scroll machines had a fixed built-in
volume ratio throughout each investigation.
The test rigs in most of the cited papers were only developed to investigate the scroll
expander performance itself and not the system performance of the entire cycle. Hence,
no detailed discussion of the influence of the scroll expander performance on the thermal
cycle efficiency are included in this section. The few available values were listed in Table
2.8. In general, the thermal cycle efficiency (ηcycle) is specified as the ratio between the
net work produced by the cycle (W˙Net) and the heat supply to the working fluid (Q˙Supply)
and reads
ηcycle =
W˙Net
Q˙Supply
= W˙Expander − W˙Pump
Q˙Supply
(2.13)
The net work is determined by the difference of the produced power output of the scroll
expander (W˙Expander) and the power used to drive the pump of the cycle (W˙Pump).
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Low built-in volume ratio (< 2.0)
In 2012, Woodland et al. [145] carried out experimental studies of an off-the-shelf
automotive A/C scroll compressor working as an expander in an ORC with R134a.
Although Bell (2011) [88] and Hugenroth et al. (2006) [144] carried out their investigations
on the same machine in a Liquid-Flooded Ericsson Cycle (LFEC) application, two different
values for the built-in volume ratio were specified in each case. The former determined
their value of 1.61 through scroll profile coordinate measurements whereas the latter
provided no details how they determined their value of 1.8, but only assumed the scroll
expander built-in volume ratio to be 1.8 [145]. Their results revealed that the maximum
isentropic efficiency was achieved at a pressure ratio which was slightly higher than the
value of the built-in volume ratio. This is consistent with the findings of Lemort et al.
(2009) [13]. In addition, it can be noted that overexpansion had more adverse effects on
the performance than underexpansion.
Mendoza et al. (2014) [146, 147] integrated a scroll expander with a built-in volume
ratio of 1.9 into an experimental test rig fed by air and ammonia. An increasing pressure
ratio yield a significantly higher isentropic efficiency for both fluids reaching peak values
of 60% and 61% at a pressure ratio being higher than the built-in volume ratio. The
power output also increased for an increasing rotational speed and maximum values of
354W and 958W for air and ammonia has been revealed respectively. Their particular
purpose was to make it suitable for absorption power and cooling cycles which has been
successfully proven. Studies on scroll expander implemented in this cogeneration cycle
can be also found in the work of Demirkaya et al. (2011) [162]. Ammonia vapor at
superheated conditions improved the cycle efficiency at the expense of lower cooling
outputs. For the use of ammonia instead of air, Ingley et al. (2005) [163] claimed that
the number of scroll chambers needs to be increased to lower the effects of leakages which
were responsible for the low isentropic efficiency of 18.2% at a rotational speed of 2000
rpm and an inlet pressure of 5.52 bar in their experimental studies of a scroll expander
fed by air. No commercial solutions of these low built-in volume ratio scroll expander
can be found in the literature.
Medium built-in volume ratio (2.0–3.0)
The maximum shaft power of 2.65 kW along with the thermal ORC cycle efficiency of
5.64% was achieved with a scroll expander characterised by a built-in volume ratio of
2.27 in the experimental work of Miao et al. (2017) [148]. It can be noted that a larger
heat transfer area of the evaporator is necessary to maintain the degree of superheat
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of the working fluid at the scroll expander suction port which in turn would lead to
the opportunity to impose higher mass flow rates to the expander. With the aid of
the experimental data, they developed an ORC model including a semi-empirical scroll
expander model which was enhanced by predicting the complex flow and heat transfer
processes based on the structure parameters of the scroll expander geometry. Hence,
less empirical coefficients were necessary compared to previous work. A power output of
5.08 kW and a thermal cycle efficiency of 10.42% has been predicted for a larger built-in
volume ratio of 6.
Kane et al. (2003) [149] applied combined topping and bottoming ORCs to a hybrid
solar thermal power plant using R134a and R123 as the working fluids respectively. The
system was equipped with two hermetic lubricated scroll expanders with the built-in
volume ratios of 2.3. With an applied pressure ratio range between 1.6 and 4.8 the
electric power produced varied between 3 and 10 kW. A peak isentropic efficiency of 68%
was achieved at an imposed pressure ratio which was 1.2 times the built-in volume ratio
as illustrated in Fig. 2.24.
Fig. 2.24 Variation of isentropic efficiency with pressure ratio for scroll expanders characterised
by built-in volume ratios of 2.3 [149]
Eneftech Innovation [29] (2014) developed commercial scroll expander to recover waste
heat from engine exhaust gases and industrial applications in accordance to Kane et al.’s
work. Air Squared, Inc. [28] provides a commercial scroll expander characterised by a
built-in volume ratio of 2 for lubricated or oil-free expansion of refrigerants.
Experimental work on a hermetic lubricated scroll expander fed with refrigerant R134a
was conducted by Zanelli and Favrat (1994) [12]. The original compressor was charac-
terised by a built-in volume ratio of 2.44. A maximum overall isentropic efficiency of
65% was reported for a rotational speed of 3000 rpm and a pressure ratio of 3.2 which is
a factor of about 1.3 higher than the built-in volume ratio. The results also exhibited a
linear increase of the electric power with increasing pressure ratio. A maximum power
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output of 3.5 kW was reported.
Wang et al. (2009) [150] conducted an experimental performance of a compliant scroll
expander with a built-in volume ratio of 2.5 for an ORC. To seal the fixed and orbiting
scroll axially and to prevent leakage, lubricant at high pressure was used to generate an
external controlled sealing pressure involving an axial force on top of the upper fixed
scroll through a sealed piston assembly. The isentropic efficiency remained stable for
rotational speeds from 2500 to 3600 rpm and over pressure ratios from 2.65 to 4.84. A
peak isentropic efficiency of 77% and a maximum shaft power of 1 kW were reached. No
further investigations of this system can be found in the literature.
Lemort et al. (2012) [151] built a micro-scale ORC system including a hermetic scroll
expander with a built-in volume ratio of 3.0. An overall isentropic efficiency of 71.03%
and a maximum electrical power output of 2.032 kW were measured for the scroll ex-
pander working with R245fa. The investigation revealed that over-expansion losses were
responsible for a decrease of the isentropic efficiency at small pressure ratios. Moreover,
the peak in isentropic efficiency occurred at a pressure ratio between 3 and 4.5.
For a small-scale ORC system equipped with a given scroll expander geometry, Yang
et al. [152] proposed to control the pump rotational speed and the expander torque by
means of an AC motor to regulate the scroll expander inlet conditions affecting the ORC
system performance. Their experimental studies pointed out that a vapour superheating
of 13◦ is essential for the complete vaporisation of liquid droplets before the fluid is
inserted into the expander suction port. These new findings were in contrast to previous
work which required saturation vapor conditions at the scroll expander inlet to reach
the optimum performance. The system net power output of 1.881 kW included the
pump consumption and resulted in a thermal cycle efficiency of 5.33% at the optimum
expander torque of 15.51Nm and a pump speed of 480 rpm. In another work, Yang et al.
(2016) [153] emphasised that the ORC system performance is strongly related to the heat
source and environmental temperature which can be captured by the non-dimensional
integration temperature difference (∆T ∗i,s) as defined by the authors. It enables the better
optimisation of the enthalpy difference defining the applied pressure ratio to the expander.
Their experimental verification yield an optimum scroll expander power output of 2.158
kW and isentropic and thermal cycle efficiencies of 75.2% and 5.4% respectively at ∆T ∗i,s
of 0.282 representing the heat source temperature of 140 °C. The vapor cavitation in the
expansion device was diminished due the reached vapor superheating of 12.7 °C.
In contrast to many other researchers, Feng et al. (2017) [154] investigated the per-
formance of all four key components such as scroll expander (built-in volume ratio:
3.0), pump, evaporator and condenser and their influence on the overall ORC system
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performance. An increasing mass flow rate massively increased the expander isentropic
efficiency reaching a peak of 85.17%. The latter was not improved for an increasing
heat source temperature, whereas the performance of all key components was enhanced
leading to a maximum thermal cycle efficiency of 5.14%.
High built-in volume ratio (> 3.0)
Yanagisawa et al. (2001) [155] studied an oil-free scroll type expander with a built-
in volume ratio of 3.18 driven by compressed air. The maximum achieved isentropic
efficiency was 60% for the built-in volume ratio of 5.05 and a rotational speed of 2500
rpm. As indicated in the evaluation, leakages mainly affected the performance at a lower
rotational speed. Mechanical losses were figured out to be the main influence on the
performance for higher rotational speeds. The pressure decrease during the expansion
showed the behaviour of a polytropic process.
Guangbin et al. (2010) [156] manufactured a scroll expander prototype and carried out
an experimental validation of their mathematical model which also considered suction
and discharge pressure losses compared to previous work. An isentropic efficiency of
65% and a power output of 1.073 kW at a pressure ratio of 3.66 were achieved in the
experimental studies. Manufacturing inaccuracies of the expander prototype and leakages
a high and low rotational speeds lead to the relative low efficiency and the mismatch
of 8.6% between the simulations and the experiments. Zhang et al. (2017) [131] also
validated their scroll expander thermodynamic model by means of air as the working
fluid. Their studies yield an experimental power output of 1.2 kW whereas the isentropic
efficiency was just 30.5% which was due to the high leakages at the relative low selected
rotational speed of 1200 rpm.
Gao et al. (2015) [158] developed thermodynamic and heat transfer models for ORC
systems driven by R245fa on the basis of the experimentally determined performance data
of a scroll expander with a displacement of 66 ml/r fed by air. The isentropic efficiency
varied in the range of 62–70% by increasing the inlet pressure and the rotational speed
simultaneously resulting in less leakages. Qiu et al. (2018) [159] examined the suitability
of a scroll compressor driven in reverse as expander for the integration in a small scale
ORC unit by conducting preliminary experiments using air as the working fluid. It can
be noted that a higher power output was generated for higher rotational speeds leading
to a higher adiabatic efficiency as a result of lower leakages. The numerical simulations of
an ORC system fed by R134 and based on the geometrical and experimental data yield
a cycle efficiency of 5.3% and the need for higher built-in volume ratio of the expander
to further improve the thermal efficiency of the system.
46 Literature review
The experimental studies of Yang et al. (2017) [157] revealed an improved ORC system
performance for an increasing pressure drop which is specified as the difference between
the inlet pressure of the scroll expander (built-in volume ratio: 3.24) and the pump. The
optimum pressure drop was found to be 8.16 bar. Increasing values are also associated
with increasing mass flow rates leading to a maximum shaft power, isentropic efficiency
and thermal cycle efficiency of 2.64 kW, 79.59% and 5.92% respectively.
In 2013, Declaye et al. [160] experimentally tested an ORC equipped with an open-drive
oil-free scroll expander fed by R245fa. The built-in volume ratio was 3.95. Because of
the low friction losses, a maximum isentropic efficiency of 75.7% was accomplished and
the maximum delivered power was 2.1 kW. The applied pressure ratio to achieve the
maximum isentropic efficiency varied from 3.42 for the rotational speed of 2000 rpm and
4.33 for 3500 rpm. The relocation of the maximum position was mainly influenced by
mechanical losses and inlet pressure drop at higher rotational speeds, and by leakages
at low rotating speeds and high pressure ratios. An increasing shaft power with an
increasing pressure ratio can be noted from the analysis due to the higher density of the
the working fluid at higher pressure.
Lemort et al. (2009) [13] conducted an experimental investigation on an open-drive
oil-free scroll expander operating with R123 and integrated into an ORC. The scroll
machine with a built-in volume ratio of 4.05 reached an overall isentropic efficiency
of 68%. A maximum shaft power of 1.82 kW was delivered. The isentropic efficiency
declined extremely at low pressure ratios due to over-expansion losses.
The experimental investigation presented in the paper from Peterson et al. (2008) [161]
showed that the scroll expander with a built-in volume ratio of 4.57 and driven by R123
revealed a maximum generated capacity of 256W and a maximum isentropic efficiency of
50% at a pressure ratio of 3.82 and a rotational speed of 1287 rpm. It can be seen that
the imposed pressure ratio is lower than the built-in volume ratio. To avoid the excessive
leakage in their scroll expander characterised by a kinematically rigid configuration, the
authors suggested the use of a compliant scroll device for future investigations.
The product portfolio of Air Squared, Inc. [28] includes commercial scroll expander
characterised by built-in volume ratios of 3.5 and up to 5.7. A power output between 1
kW and 10 kW can be produced depending on different displacements per revolution.
Scroll expander consisting of a cast iron construction are also offered, especially for
high-temperature and high-pressure operation.
In summary, it can be said that higher built-in volume ratios are required for efficient
operation of scroll expander with a constant wall thickness at higher pressure ratios. The
peak isentropic efficiency was achieved at a pressure ratio which is slightly higher than
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the built-in volume ratio, which in turn can produce an increased shaft power since the
inlet pressure and density are higher which causes a higher mass flow rate in the scroll
machine. So it turns out clearly that there is a significant interest in development of
high pressure ratio expanders with a built-in volume ratio of higher than 3. Furthermore,
a high pressure ratio along with a sufficient heat source temperature is particularly
favourable for the overall efficiency of ORC systems. But apart from a few manufacturers
who developed commercial scroll expander with high built-in volume ratios, almost all
the published research in this section was carried out on scroll compressor which have
been modified and driven in reverse. It can be noted that experimental studies of scroll
machines driven by compressed air are a promising tool for assessing the suitability of
scroll expander for ORC systems and other power cycles.
2.5.3 Scroll expander with a variable wall thickness
It is of interest to consider if the scroll expander geometry design can be changed by
varying the wall thickness in order to find a better and more efficient scroll expander
geometry for high pressure ratios. In the 1990s, researchers started to develop equations
to describe alternative scroll geometries and designed geometrical models to investigate
the working process. Table 2.9 provides an overview of different geometry approaches for
scroll geometries with variable wall thicknesses.
Table 2.9 Scroll geometries made of variable wall thicknesses
Geometry approach of Author Method
Bush and Beagle - Bush and Beagle (1992,1994) [49, 50] - theoretical investigations
- Gagne and Nieter (1996) [164] - simulation program
- Lindsay and Radermacher (2000) [165] - simulation program
- Rak et al. (2014) [166, 167] - CFD
Tojo and Ueda - Tojo and Ueda (1995) [168] - concept (patent)
- Liu et al. (2010, 2012) [169, 170] - geometric and FEM model
Gravesen and Henriksen - Gravesen and Henriksen (1998,2001) [51, 171] - theoretical equations
- Shaffer and Groll (2012,2013) [54, 172] - geometric model including scroll tip
- Dickes (2013) [173] - deterministic model
Bin et al. - Bin et al. (2016) [52, 53] - thermodynamic model
Bush and Beagle (1992, 1994) [49, 50] provided a general relationship to generate scroll
profiles of almost any form. Compared to a scroll geometry using an involute of a circle
(Fig. 2.25a), the scroll profile length (Fig. 2.25b) was reduced from 5.5 revolutions to
2.5 revolutions by varying the wall thickness whereas the built-in volume ratio of 5.6
remained the same. The benefits may include reduced overall tip leakage area, a shorter
residence time of the gas in the machine with less time for tip leakage and detrimental
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heat transfer. The drawbacks might be the variation of driving torque and gas forces in
the compression process. A few researchers have investigated Bush and Beagle’s proposed
(a) Constant wall thickness design (b) Variable wall thickness design
Fig. 2.25 Varying scroll profiles with the same built-in volume ratio of 5.6 [49]
geometry [164–167]. Scrolls created by involute of circles with constant and variable wall
thicknesses can be analysed in terms of asymmetric radial and tangential gas pressure
forces, asymmetries in the chamber volumes and non-uniform start-of-suction crank
angles by means of the developed thermodynamic model of Gagne and Nieter (1996)
[164]. But their validation has only been carried out against experimental data of a
constant wall thickness scroll compressor. By tapering both scrolls toward the outside,
scrolls with variable wall thicknesses as proposed by Bush and Beagle (1992) [49] can
be generated with the Milling Tool Method of Lindsay and Radermacher (2000) [165].
The CFD simulations of Rak et al. (2014) [166, 167] revealed that the wall heat transfer
coefficient in the chamber of a scroll geometry proposed by Bush and Beagle (1992) [49]
was up to three times larger compared to a scroll geometry with a constant wall thickness.
A decreased temperature in all working chambers and in the scrolls was achieved with
an internal cooling system. Based on the CFD findings, the development of a highly
efficient scroll compressor for cryogenic applications was planned to be carried out.
Liu et al. (2010, 2012) [169, 170] used the geometry approach of Tojo and Ueda (1995)
[168] to develop a geometrical and FEM model for a variable wall thickness scroll
compressor. Their studies revealed a better strength and rigidity for the latter in
comparison to a constant wall thickness scroll expander. The suction volume, volume
ratio and housing size were kept constant in both cases. It is also stated that better
reliability and higher efficiency can be achieved and higher operating pressures could be
applied to variable wall thickness scrolls.
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Gravesen and Henriksen (1998, 2001) [171, 51] developed an 8- dimensional planar curve
frame for the generation and optimisation of scroll geometries. A pair of scrolls was
defined by an intrinsic equation consisting of five scalar coefficients, the scroll profile
length, the radius of circular motion and a scalar length. This allowed the design of
scroll profiles with variable wall thicknesses and calculation of all geometrical quantities
in a closed analytical form. Examples of these different designs are shown in Fig. 2.26.
Shaffer and Groll (2012, 2013) [172, 54] generated further scroll geometries with the
Fig. 2.26 Scroll profiles with variable wall thicknesses [51]
parametric representation introduced by Gravesen and Henriksen (2001) [51]. First order,
first order with offset, second and third order scroll curves were obtained and a variety
of different scroll involute geometries consisting of constant or variable wall thicknesses
can be defined with their analytical solution. Dickes (2013) [173] applied the frame given
by Gravesen and Henriksen [51] to create the geometry of a two-stage/single-shaft scroll
expander with a decreasing wall thickness. The predicted isentropic efficiency increased
by 6.2% in comparison to a scroll machine consisting of two Copeland scroll expanders
in series with a constant wall thickness.
Bin et al. (2016) [52, 53] developed a thermodynamic model for a variable wall thickness
scroll compressor generated by combining a circle of involute, high order curve and non-
working arc. The model was successfully validated against measurements and showed a
good accuracy for the output power, mass flow rate and discharge temperature.
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In summary, the literature for scroll machines with variable wall thicknesses is mainly
limited to theoretical works since the research and development of these scroll machine
designs is still at an early stage. Apart from the manufactured single-stage scroll expander
prototype of Dickes (2013) [173] and Bin et al.’s (2016) [52, 53] variable wall thickness
scroll compressor for the purpose of validation, no further experimental studies can be
found in the literature. Considering the possible benefits of less overall leakage areas,
shorter residence time of the gas and less time for leakages and heat transfer, the scroll
machine with variable wall thicknesses could be a promising candidate to further improve
the efficiency and power output in an ORC system when high pressure ratio is preferred.
It has also the opportunity of opening up new application fields such as refrigeration
cycles and other power cycles in which high pressure ratios are needed. In contrast, the
potential disadvantages of the more complex variable wall thickness scroll geometry may
be a reduced volume flow rate. It may also decrease the suction chamber volume due to
the additional occupied space of the variable wall thickness scroll profiles contributing to a
lower mass flow rate at the expander inlet. Hence, the increase of the inlet pressure which
is necessary to apply higher pressure ratios could be prevented. Or seen from another
perspective, the entire scroll geometry and its eccentricity may need to be simultaneously
enlarged to maintain the suction chamber volume leading to an even larger size than
conventional designs. Furthermore, the benefit of applying higher pressure ratios may
result in much higher flank leakages diminishing the expander efficiency. Besides that,
the lower number of expansion chambers in a variable wall thickness design may generate
higher pressure gradients between the individual chambers which could even further
contribute to high speed flank leakages. The gas force and driving torque variations and a
bad machinability should be also considered since the advanced 3D printing technologies
have not achieved the desired level of accuracy yet.
2.5.4 Scroll expander made of unconventional scroll profiles
Apart from scroll profiles formed by an involute of circle, scroll profiles can be formed with
a variety of other geometrical curves. Montelius (1943) [44] used spirals of Archimedes to
define the profiles of a rotary compressor or expander. Young and McCullough (1975) [43]
filed a patent for a scroll-type positive fluid displacement apparatus created from involute
curves combined with circular arcs. Güttinger (1976) [42] designed a displacement
machine for compressible media characterised by offset spliced involutes. Muir et al.
(1986) [174] developed a scroll-type machine with a rotation controlling mechanism to
limit the relative rotation of the scrolls. Table 2.10 lists the studies related to geometries
made of unconventional scroll profiles.
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Table 2.10 Scroll geometries made of unconventional scroll profiles
Geometry approach Author Method Objectives/Results
spirals of - Montelius (1943) [44] - concept (patent) - sealing between
Archimedes co-operating
spiral surfaces
involute - Yound and McCullough (1975) [43] - concept (patent) - efficient sealing
curves with
circular arcs
offset spliced - Güttinger (1976) [42] - concept (patent) - improved construction
involutes
rotation constr. - Muir et al. (1986) [174] - concept (patent) - limit relative
mechanism rotation of scrolls
involute of a circle, - Li et al. (1996) [175, 176] - analytical - highest driving
square, line segment study moment for
scroll profiles involute of a circle
regular, odd - L. Wang et al. (2005, 2010) [177, 178] - analytical - segment and
segment and study regular even
regular even polygon involute
polygon involute best choice
arc-arc-line - G. Wang (2010, 2011) [179–181] - theoretical/ - increased P
unit profiel experimental
Co-rotating - Mendoza et al. (2017) [182] - thermodynamic - Pout=1.74kW
scroll machine model/exp. ηisothermal=34%
Quad orbiting - McTaggart (2004) - concept - Lower level of noise
scroll machine and vibration due to
a better lubrication
twins-spiral - Peng et al. (2008,2012) [183, 184] - CAE - higher built-in volume
scrolls ratio, increased P
- Qiang et al. (2010, 2013) [185–187] - geometric model - higher displacement
analytical study
- Qiang et al. (2013) [188] - dynamic model - smaller ηvol for
experimental multi-spiral scrolls
Li et al. (1996) [175, 176] generated three different scroll compressor geometries using
involute of circle, square and line segment scroll profiles while keeping the suction volume,
built-in volume ratio, scroll height and scroll thickness constant. The most compact
scroll compressor design with the least number of working chambers and the shortest
scroll profile length was generated by using an involute of a circle scroll profile. The
performance tests were carried out for constant operating conditions and the highest
driving moment was produced by the circle of involute scroll design.
The analytical study of L. Wang et al. (2005, 2010) [177, 178] revealed that in contrast
to regular odd polygon involutes, the segment and regular even polygon involutes can be
used for the generation of scroll profiles.
G. Wang (2010, 2011) [179–181] analysed the experimental performance of a scroll
compressor made of a scroll profile which combines several profile units comprising a big
and a small arc and a straight line respectively. A linear increase of mass flow rate and
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shaft power can be noted for an increasing rotational speed in the lower speed range up
to 1800 rpm. Whereas the shaft power further increased linearly for higher rotational
speeds, the mass flow rate reached its maximum and remained stable. The coefficient of
performance (COP), defined as the cooling capacity in relation to the necessary work
supplied to the scroll compressor, and the mass flow rate were higher compared to a
scroll compressor created by the involute of a circle with a constant wall thickness which
had the same scroll height, thickness and plate diameter.
Experimental studies of a co-rotating scroll machine for a compressed air energy storage
application were carried out for the first time by Mendoza et al. (2017) [182]. The
expansion process in this scroll machine is driven by a pure rotational anticlockwise
movement of two interleaving scroll involutes [189, 190, 87, 191–193]. Hence, levels of
noise and vibration can be reduced and it can be equipped with two inlet and outlet
ports which may lead to reduced suction pressure losses [182]. A maximum shaft power
of 1.74 kW and an overall isothermal efficiency (ηisothermal) of 34% was achieved for a
scroll machine characterised by the built-in volume ratio of 3.3 and a designed pressure
ratio of 4. The isothermal efficiency is defined as the ratio between the actual work
output and the work output under isothermal conditions. Moreover, the opportunity of
water injections to reduce internal leakages and to reach a quasi-isothermal expansion
process make it not only suitable for ORC systems but also for absorption power and
hybrid absorption cycles. In contrast, the potential disadvantage of the complex drive
mechanism may lead to a higher unreliability. Besides that, one of the key challenges is
the perfect synchronisation of two orbiting scrolls by means of a control unit to ensure
a constant clearance between the moving scrolls which is necessary to avoid increasing
flank leakages.
The quad orbiting scroll concept is a scroll device equipped with four pairs of orbiting
and fixed scrolls which might contribute to lower noise and vibration levels but associated
with the potential disadvantage of an elaborate design [193]. In particular, the much
higher weight, size, costs, the complex thermal management accompanied with the high
demand of lubrication and the need of a shared power transmission mechanism might be
the reasons why no further works can be found in the literature.
Twin-spiral scroll geometry
Peng et al. (2008, 2012) [183, 184] used a computer-aided engineering (CAE) tool to
investigate the impact of the non-uniform pressure and temperature field on the von
Mises stress and deformation of a twin-spiral scroll compressor. Optimum axial (0.025
mm) and radial (0.03 mm) sealing gap values were revealed to maximize the efficiency.
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The orbiting and fixed plate of the latter are consisting of two scroll wraps respectively
as illustrated in Fig. 2.27. According to the authors, a higher built-in volume ratio along
with a reduced scroll plate diameter can be achieved which results in a more compact
design leading to an improved performance and increased power output.
Fig. 2.27 Twin-spiral scroll geometry [183, 184]
Qiang et al. (2010, 2013) [185–187] developed a geometrical model and analytically
examined scroll machines with an arbitrary number of scrolls on its individual scroll.
They claimed that the twin-spiral scroll compressor could achieve a higher isentropic
efficiency and a high working pressure ratio compared to a single-spiral scroll compressor
[194, 195]. The model did not consider the frictional losses. Qiang et al. (2013) [188]
found that measurements of the power outputs for single- and twin-spiral air scroll
compressors were in good agreement with the results of their dynamic model. The
volumetric efficiency of a multispiral compressor was lower than that of a single-spiral
compressor due to the occupied space of the scrolls.
Although the studies of scroll expanders made of unconventional scroll profiles are limited
and no commercial solutions are available yet, it appears that the twin-spiral scroll
geometry may have the potential to further improve the isentropic efficiency and the
power output. It can be a promising candidate to overcome the geometric constraints of
a scroll expander generated by an involute of a circle with a constant wall thickness to
make it suitable for particular applications. But the possible reduction of the volume
flow rate and volumetric efficiency as a result of the occupied space of two scrolls on the
fixed and orbiting scroll respectively may disadvantage the twin-spiral scroll machine for
ORC systems. Similar to the variable wall thickness design, the accompanying potential
reduction of the suction port may outbalance the positive effects of higher built-in volume
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ratios. Whereas, the increase of the suction port could massively increase the entire
geometry associated with higher leakage, friction and heat transfer losses. Besides that,
the potential shift to higher pressure ratios may also generate high speed flank leakages.
A higher number of scroll on its individual scroll may also lead to sealing and lubrication
issues. Moreover, the working process of twin-spiral scroll devices is almost unknown
due to the lack of available experimental data.
2.5.5 Scroll tip geometries
The three most common options to close the scroll curves in the suction area of the scroll
expander are shown in Fig. 2.28. Specifically the single arc, dual arc and perfect meshing
profile (PMP) scroll tip designs. The scroll tip shape affects the area of the suction
chamber and this in turn influences the built-in volume ratio of the scroll expander.
Moreover, the geometry of the scroll tip may lead to an impact on the flow rate due to
a blockage effect. As a result, a decreased volume ratio can lead to a reduced power
output.
(a) Single arc scroll tip design (b) Dual arc scroll tip design (c) PMP scroll tip design
Fig. 2.28 Scroll tip design variations [196]
Single arc scroll tip design
Blunier et al. (2006, 2009) [121, 122] developed analytical expressions to connect the
scroll starting position of the inner involute and the starting position of the outer involute
with a single arc to form the scroll tip geometry which can be either concave or convex.
Dual arc scroll tip design
Hirano et al. (1987) [197] filed a patent for a rotary type fluid machine in which an inside
arc having a radius R and a connecting arc having a radius r were connected with a
radially outer involute curve and a radially inner involute curve respectively to define
the scroll profile.
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Perfect meshing profile (PMP)
Hirano et al. (1989,1990) [198, 199] used a PMP for the scroll tip shape which was
characterised by two arc curves and a single line to reach a zero clearance volume between
two scrolls at the central portion. From a two-dimensional point of view, the two scrolls
contact each other either in one point or along a straight line. There are other options
for design of the scroll tips. The plate of the orbiting scroll possessed a discharge slot
whereas the fixed scroll possessed a discharge port in the work of Zhu et al. (1994) [116].
This design led to an increased built-in volume ratio with the possibility of application
at higher pressure ratio. Liu and Peng (2008) [200] developed geometric models for
scroll compressors with symmetrical and asymmetrical scroll tip designs. In symmetrical
designs the two scroll tip shapes of the fixed and orbiting scroll have identical shape. In
asymmetrical designs the scroll tip shape of the orbiting scroll was thicker than that of
the fixed scroll. A smaller volume ratio was achieved for the asymmetric scroll tip design.
Table 2.11 lists the references to scroll tip geometries found in the literature.
Table 2.11 Scroll tip geometries
Scroll tip shape Author
single arc tip - Blunier et al. (2006, 2009) [121, 122]
dual arc tip - Hirano et al. (1987) [197]
- Tsuji et al. (2010) [201]
- Bell et al. (2012) [196]
PMP - Hirano et al. (1989, 1990) [198, 199]
- Liu et al. (1992, 1994) [202, 203]
- Lee and Wu (1993, 1995) [204, 205]
- Lee (1996) [206]
- Bell et al.. (2008, 2012) [123, 207, 208]
- Hao et al. (2010) [209]
- Hirano et al. (2011) [210]
- Song et al. (2015) [33]
- Wei et al. (2015) [32]
dual arc tip and PMP - Liu et al. (2004) [211]
- Liu et al. (2010) [169]
- Bell et al. (2011) [88]
single arc tip, dual arc tip and PMP - Terauchi (1985) [212]
- Bell et al. (2010) [196]
- Shaffer and Groll (2012, 2013) [54, 172, 213]
- Guo (2016) [130]
Effects of scroll tip shape variations on the performance
Bell (2011) [88] used dual arc tip and PMP scroll tip design to treat the scroll compressor
discharge region analytically. The PMP can be achieved in both cases which resulted
in a larger built-in volume ratio. Shaffer and Groll (2012, 2013) [172, 54, 213] extended
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Gravesen’s method to the tip region in their work to generate and compare the single arc,
dual arc and perfect meshing profile configuration. The latter resulted in a higher built-in
volume ratio and an extended and improved compression process. Bell et al. (2010) [196]
also compared the single arc, the dual arc and the perfect meshing profile consisting of
two arcs and a single line to create a discharge geometry which is manufacturable and has
a sufficient mechanical strength. The latter was chosen due to the lack of robustness of
the single arc scroll tip and the uncommon dual arc scroll tip solution. Guo (2016) [130]
studied the scroll expander tip design with a geometrical model. It can be noted that
the built-in volume ratio in a scroll expander consisting of a dual arc tip with PMP was
higher compared to the single arc tip or the dual arc tip without a PMP configuration.
In summary of this section it can be said that the scroll tip geometry characterised by
two arcs and a single line to reach the PMP at the central portion of the scrolls is the
most common and promising solution.
2.6 CFD simulations of scroll expanders
Computational Fluid Dynamics can play a vital role to optimise the design and improve
the performance of scroll expanders. Due to its high rotational speed and the small
available space for measurement devices inside the scroll expander working chambers,
CFD can more easily depict the non-uniform and asymmetric inner flow and temperature
fields compared to experimental investigations. The literature review for CFD simulations
of scroll expanders is divided into two parts. More precisely, into constant and variable
wall thickness scroll expanders. It also considers a significant number of publications
on scroll compressors as they share common characteristics. The development of two-
and three-dimensional structured and unstructured grids to discretise the computational
domain along with the application of different moving mesh methods, to update the
deforming mesh over time, is analysed in the first sub-section. The use of various working
fluids is examined afterwards, followed by the investigation of different turbulence models.
Temperature and heat transfer modelling is presented in the last sub-section.
2.6.1 CFD simulations of constant wall thickness scroll expanders
This section reviews the literature available for CFD simulations of constant wall thickness
scroll expanders.
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Computational grid generation
The state-of-the-art of two- and three-dimensional computational grids to discretise the
scroll domain along with the application of different moving mesh methods, to update
the deforming mesh over time, is examined in the following sub-section.
Grid dimension of the discretised computational domain
CFD simulations of scroll machines have been increasingly conducted in recent years for
investigation of the inner working process. This understanding has also contributed to
performance predictions which are useful for preliminary design and further improvement
of the scroll geometry itself. A few researchers examined their scroll machines with the
help of a two-dimensional (2D) CFD approach focussing on different performance aspects
as listed in Table 2.12.
Table 2.12 Grid dimension of the discretised computational domain
Grid dimension Author
2D Ooi and Zhu (2004) [214]
Li et al. (2009) [215]
Wang et al. (2012) [216]
Chang et al. (2014) [47]
Suman et al. (2015) [35]
Morini et al. (2015) [36]
Wang et al. (2015) [37]
Singh et al. (2017) [217]
3D Rodgers and Wagner (1990) [218]
Stosic et al. (1996) [219]
Cui (2006) [220, 221]
Song et al. (2013) [222]
Liu et al. (2014) [223]
Chang et al. (2014) [47]
Gao et al. (2014,2015) [31, 34]
Wei et al. (2015) [32]
Song et al. (2015) [33]
Song et al. (2017) [39]
Suman et al. (2017) [38]
Sun et al. (2017) [40]
In comparison to a three-dimensional (3D) CFD model, the 2D CFD model of Chang et
al. (2014) [47] revealed a similar prediction of the pressure and volume change during
the expander working process with a small deviation during the expansion process.
According to Morini et al. (2015) [36], a 2D CFD approach is sufficient to evaluate
pressure fluctuations in the suction and discharge region in addition to mass flow rate
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profiles. It was also found that flank leakages through the radial clearance affected the
volumetric efficiency. Other researchers have created models based on a three-dimensional
(3D) CFD approach as listed in Table 2.12. Song et al. (2015) [25] identified that the
main challenges were the development of three-dimensional and unsteady CFD models.
This would enable the capture of spatial inner flow characteristics to evaluate accurate
time-averaged flow and temperature fields. Drawing upon these findings, Song et al.
(2015) [32, 33] established a 3D CFD model to analyse the inner working process of a
scroll expander with a particular focus on the unsteady suction process and the effects of
suction port arrangements as shown in Fig. 2.29.
Fig. 2.29 Three-dimensional flow and pressure field during the suction process [32]
The transient simulations revealed a periodically varying suction chamber pressure
because the scroll tip of the moving scroll partly interrupted the continuous flow of
the working fluid during the suction process. Consequently, suction swirling flows were
generated which resulted in two large scale eddies in the expansion chambers once the
orbiting scroll rotated further as visualised in Fig. 2.30. The downstream eddy blocked
the upstream eddy which in turn had a higher dissipation rate.
Fig. 2.30 Visualisation of the vortex in the expansion chamber [32]
It can be concluded that a 2D computational grid is an opportunity to reduce the duration
of the CFD simulations massively due to the severe smaller number of grid cells. It can
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also simplify the geometrical shape for the application of the 2D CFD approach. This,
in turn, could result in useful preliminary design insights. However, a 3D grid design
is necessary considering the large unsteadiness of the suction process as a result of the
changing suction chamber volume and the varying cross-sectional area of the suction
port in addition to the transient features of the expansion and discharge processes. The
impact of leakage flows through axial clearance on the aerodynamic performance can
also be captured.
Grid design and moving mesh methods
There are different grid types which are used for the discretization of the computational
domain of scroll expander geometries in order to capture its non-uniform and asymmetric
inner flow and temperature fields. Specifically structured and unstructured grids as listed
in Table 2.13.
Table 2.13 Classification of grid types for scroll designs
Grid design Author
Structured grid Cui (2006) [220, 221]
Liu et al. (2014) [223]
Gao et al. (2014,2015) [31, 34]
Wang et al. (2015) [37]
Sun et al. (2017) [40]
Unstructured grid Wang et al. (2012) [216]
Song et al. (2013) [222]
Ziviani et al. (2014) [224]
Suman et al. (2015) [35]
Morini et al. (2015) [36]
Wei et al. (2015) [32]
Song et al. (2015) [33]
Song et al. (2017) [39]
Structured and unstructured grids can be also combined to hybrid grids. The structured
grid is characterised by uniform hexahedron cell shapes to create a regular grid structure
in contrast to an unstructured grid which is characterised by triangular prism or non-
uniform hexahedron cell shapes. Moreover, it is claimed that CFD simulations on a
structured grid are more accurate and reach a converged solution more easily and much
faster. But structured grids are usually not appropriate for the grid generation of complex
geometries. Besides, the time to generate a structured grid should be considered. The
use of hybrid grids may increase the suitability for more complex scroll geometries.
Wang et al. (2015) [37] developed a structured dynamic mesh method for the CFD
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simulation of the unsteady and compressible performance of a scroll compressor. They
claimed that the analysis of the pressure and velocity fields in addition to the temperature
distribution patterns is more precise compared to the simulation results obtained from
an unstructured dynamic mesh approach. The arguments in favour were the improved
accuracy through the radial clearance due to an increased number of mesh layers in
combination with a decreased mesh deformation. However, the comparison between
structured and unstructured methods was only carried out on a 2D grid by evaluating
the mass flow rate and velocity through the radial clearance depending on the crankshaft
rotation angle.
A 3D structured grid approach can be found in the works of Liu et al. (2014) [223] and
Sun et al. (2017) [40] as illustrated in Fig. 2.31.
Fig. 2.31 Structured grid approach for a scroll compressor [40]
In comparison to Liu et al’s work which revealed that non-uniform pressure distributions
resulted in radial and tangential force fluctuations, a more in-depth analysis of the
three-dimensional and transient scroll compressor suction and compression process was
presented in the paper of Sun et al. (2017) [40]. The radial clearances of 30µm were
resolved with 13 grid layers to improve the accuracy of the leakage flow effects on the
scroll compressor aerodynamic performance. Nonetheless, it is not clear whether the
near-wall region was modelled by means of wall-functions or resolved with the help of an
enhanced wall-treatment. Furthermore, apart from the evaluation of the velocity field in
a cross-sectional area of the compressor and velocities in monitoring points, no detailed
leakage flow study was included.
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Gao et al. (2015) [34] developed a CFD model with a 3D structured grid to examine the
impact of tip seal leakages on the scroll compressor performance as shown in Fig. 2.32.
The temperature distributions revealed an increase of the discharge temperature due to
the heating effect of the tip seal leakage flows. In addition, the discharge mass flow rate
and the isentropic efficiency decreased by 12.1% and 16.1% respectively in comparison to
a scroll compressor without tip seals and axial clearance. But no grid sensitivity analysis
and experimental validation were included in their work.
Fig. 2.32 Tip seal leakage mesh [34]
Table 2.13 unveils that unstructured grids were used more often than structured grids to
develop CFD models focusing on different aspects of the scroll expander aerodynamic
performance. The creation of unstructured grids for scroll geometries can be more easily
achieved with automated meshing tools in comparison to that of structured grids. The
combination with a moving mesh algorithm is also more straightforward because mesh
deformations of the triangular prism or non-uniform hexahedron cell shapes can be
ignored. But a fine resolution of axial and radial clearances in the range of 10µm - 50µm
using an unstructured grid could increase the total number of cells and nodes massively.
However, radial and axial clearances can be set to values between 100µm - 200µm to
balance between computational time and accuracy of the numerical results. In particular,
if the focus lies on a three-dimensional and transient analysis of the flow field in the scroll
expander working chambers rather than on the leakage flows through these clearances.
Hence, the axial clearance can also be excluded [32, 33]. Song et al. (2017) [39] developed
a CFD model in which the axial clearances were resolved with an unstructured grid in
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addition to radial clearance. It was found that secondary vortices were generated nearby
the axial clearance proving the capability of unstructured grids to capture radial leakage
flows. The exclusion of axial clearance might have generated these vortices in the centre
of each working chamber.
Table 2.14 summarises the meshing methods to generate a moving mesh to numerically
simulate the two systems consisting of fixed and orbiting scroll moving in a relative
relationship to one another while changing the enclosed working chamber volumes
overtime.
Table 2.14 Moving mesh methods for scroll machines
Moving mesh method Author
Steady-state approach Ziviani et al. (2014) [224]
Quasi-steady approach Rodgers and Wagner (1990) [218]
Mesh movement algorithm Stosic et al. (1996) [225]
Ooi and Zhu (2004) [214]
Wang et al. (2012) [216]
Liu et al. (2014) [223]
Gao et al. (2014,2015) [31, 34]
Dynamic mesh Song et al. (2013) [222]
technology (Fluent) Chang et al. (2014) [47]
Suman et al. (2015) [35]
Morini et al. (2015) [36]
Wang et al. (2015) [37]
Wei et al. (2015) [32]
Song et al. (2015) [33]
Singh et al. (2017) [217]
Song et al. (2017) [39]
It can be determined from Table 2.14 that the dynamic mesh technology, provided
by ANSYS Fluent [226], is the most common approach to capture the fluid motion
in combination with the unstructured grid approach in the complex scroll expander
geometry [222, 47, 35–37, 32, 33, 217, 39]. The eccentric movement of the orbiting scroll
was regenerated by means of user-defined functions. The smoothing and remeshing
dynamic mesh schemes were enabled to regenerate and recalculate the deforming mesh
in the expander working chambers for every time step. The governing conservation
equation of the dynamic mesh technique incorporates all the governing equations such
as Navier-Stokes, continuity and energy equations in the calculation of the dynamic
motion. The rotating velocity of the orbiting scroll is a constant rotating velocity about
the gravity centre. As already mentioned, the combination of unstructured grids with
a moving mesh algorithm is more straightforward because mesh deformations of the
2.6 CFD simulations of scroll expanders 63
triangular prism or non-uniform hexahedron cell shapes can be ignored. However, Sun et
al. (2017) [40] proved that the radial clearance of 30µm can be resolved with an adequate
number of grid layers by creating a deforming structured grid. This, in turn, improves
the accuracy of the leakage flow effects on the overall aerodynamic performance of scroll
machines in particular.
To sum up, the development of a deforming unstructured grid is more appropriate if the
focus lies on a transient analysis of the flow field in the scroll expander working chambers
rather than on the leakage flows through the axial and radial clearances. There is no need
to avoid the mesh deformations of the triangular prism or non-uniform hexahedron cell
shapes. The clearances can be set to 100µm - 200µm to balance between computational
time and accuracy of the numerical results. The axial clearance could be even excluded.
The development of deforming structured grids may lead to an improved accuracy of
leakage flow effects on the overall aerodynamic performance of scroll machines. The
increase of the total number of nodes and cells can be limited in addition in spite of an
adequate number of grid layers along the clearances in the range of 10µm - 50µm.
Working fluid selection
The maximum shaft power and isentropic efficiency of scroll machines also depend on the
selection of the optimum working fluid as previously described in Section 2.3.2. According
to Bao and Zhao (2013) [14], the heat source type, the temperature level comprising
evaporation and condensation temperature in addition to the fluid type/category and their
thermal physical properties and heat transfer characteristics, the equipment structure
and material compatibility, the expansion machine and the choice of the performance
indexes influence the selection of the working fluid. Table 2.15 gives an overview of the
applied working fluids to develop CFD models for scroll machines.
Branch et al. (2014) [227] modelled the fluid properties with three different approaches
within the scope of their scroll compressor simulations. More specifically, the real gas
property database provided by the National Institute of Standards and Technology
(NIST), the Peng Robinson equation of state approach and the ideal gas model were
applied. The predicted mass flow rates and energy efficiency ratio (EER) of the NIST
approach were almost consistent with the experimental data. The energy efficiency ratio
is defined as the ratio between power output in terms of cooling energy (Btu/h) and
input in terms of used electricity (in Watt). The ideal gas model predictions deviated by
10%. However, the predicted power output was in good agreement with the experimental
data for all three approaches. Other researchers also used ideal gas models focusing on
different aspects of the aerodynamic performance [225, 35–37]. The ideal gas model can
64 Literature review
be a promising tool for assessing the suitability of scroll expanders for ORC systems and
other power cycles. It can be also useful during the preliminary design phase.
It was found that single-phase models for refrigerants such as R134a, R245fa, R410a,
R22 and R123 were implemented into CFD models for scroll machines as shown in Table
2.15. According to Sun et al. (2017), the modelling of lubricating oil can be neglected
due to the small amount of oil in scroll refrigeration compressors. In other words, the
clearances were not sealed by means of lubricating oil. So dry wall scroll designs were
considered in all the works listed in Table 2.15. However, the development of two-phase
flow models could to seal the clearances by considering the effects of lubricating oil.
Table 2.15 Working fluid selection for scroll machine CFD models
Working fluid Author
Water Rodgers and Wagner (1990) [218]
Ideal gas Stosic et al. (1996) [225]
Suman et al. (2015) [35]
Morini et al. (2015) [36]
Wang et al. (2015) [37]
R134a Kang et al. (2002) [98]
Ooi and Zhu (2004) [214]
R245fa Song et al. (2013) [222]
Chang et al. (2014) [47]
Song et al. (2017) [39]
R410a Liu et al. (2014) [223]
Branch et al. (2014) [227]
Gao et al. (2014,2015) [31, 34]
R22 Cui (2006) [220, 221]
Sun et al. (2017) [40]
R123 Wei et al. (2015) [32]
Song et al. (2015) [25]
Turbulence modelling of scroll machines
This sub-section examines the application of different turbulence models to model the
Reynolds stresses representing the physical effects of the flow field in scroll machines.
Table 2.16 shows that the standard k-ϵ and the Re-Normalisation Group (RNG) k-ϵ
turbulence models were used for the design and development of scroll machines. The
application of the standard k-ϵ model is based on the assumption that the investigated
flow is turbulent and the viscosity is isotropic. The extended versions of the model are
the realisable k-ϵ model and the Re-Normalisation (RNG) k-ϵ model. The k-ϵ model
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is the most popular turbulence model to simulate the flow and temperature fields in
recirculating, environmental and industrial flows. It is characterised by a good accuracy.
Nevertheless, the determination of quantities like friction factor (Cf ) or Nusselt number
(Nu) at the wall can be challenging because the turbulent kinetic energy is sometimes
over-predicted in the near-wall region. In addition, the standard k-ϵ is not recommended
for the prediction of strong swirling flows and mixing phenomena. While the standard
k-ϵ model is widely accepted, the same sources recommend the RNG model for complex
flows, such as strained and swirling flows, as they exist in scroll expanders [226]. A wider
range of turbulent length scales contributing to the turbulent diffusion is captured by the
RNG approach in comparison to the standard k-ϵ model. The Navier-Stokes equations
were renormalised in order to improve the performance of this turbulence model in terms
of accuracy and reliability. Hence, the RNG model began to made inroads into the scroll
machine development in recent years.
Table 2.16 Turbulence modelling of scroll machines
Turbulence model Author
standard k-ϵ model Rodgers and Wagner (1990) [218]
Stosic et al. (1996) [225]
Ooi and Zhu (2004) [214]
Cui (2006) [220, 221]
Ziviani et al. (2014) [224]
Wang et al. (2012) [216]
Liu et al. (2014) [223]
Chang et al. (2014) [47]
Gao et al. (2014,2015) [31, 34]
Wang et al. (2015) [37]
Suman et al. (2015) [35]
Morini et al. (2015) [36]
RNG-k-ϵ model Song et al. (2013) [222]
Wei et al. (2015) [32]
Song et al. (2015) [25]
Song et al. (2017) [39]
Sun et al. (2017) [40]
It should be stated that the realisable k-ϵ model and the k-ω SST (Menter′s Shear
Stress Transport) turbulence model are further options to model the scroll expander
working process. Similar to the RNG-k-ϵ model, the realisable k-ϵ model is recommended
for rotating flows characterised by recirculation phenomena, strong adverse pressure
gradients, vortices and strong secondary flow phenomena [226]. Nonetheless, the same
sources reveal that it is not proven whether this model exceed the RNG-k-ϵ model
performance due to the novelty of the realisable k-ϵ model. The k-ω SST turbulence
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model could be also employed since it uses the k-ω formulation to model the near-wall
region and the k-ϵ formulation for the free-stream region due to the sensitivity of the k-ω
formulation there. Standard-wall functions for the modelling of the near-wall region are
widely applied to reduce the mesh size significantly. However, it should be noted that the
k-ω SST model or the k-ϵ-models in combination with the enhanced-wall treatment can
be deployed to predict the forces in the near-wall region which are needed to resolve the
creation of the boundary layer there. A mesh refinement of the grid in the wall-normal
direction can resolve the near-wall region as presented in Section 2.6.1. In addition, the
resolution of the clearances with a higher number of grid layers enables the opportunity
to model leakage flow effects on the overall aerodynamic performance of scroll expanders
with an improved accuracy in comparison to standard-wall functions.
Temperature and heat transfer modelling
Temperature and heat transfer modelling in scroll machines is presented in the following
sub-section. The energy equation was applied in combination with the continuity and
Navier-Stokes equations to examine the temperature fields and heat transfer phenomena
in the scroll expander working chambers as listed in Table 2.17.
Table 2.17 Heat transfer and temperature modelling of scroll machines
Heat transfer effects Author
Convective heat transfer Ooi and Zhu (2004) [214]
Temperature fields Ooi and Zhu (2004) [214]
Wang et al. (2012) [216]
Song et al. (2013) [222]
Liu et al. (2014) [223]
Gao et al. (2015) [34]
Wang et al. (2015) [37]
Sun et al. (2017) [40]
Ooi and Zhu (2004) [214] conducted a 2D CFD simulation to examine the flow field and
convective heat transfer phenomena in scroll compressor chambers. The wall temperature
was set to 330K. It can be noted that the recirculating flow in the working chambers
increased the turbulence level which in turn resulted in increasing heat transfer coefficients.
Moreover, the evaluation showed uniform pressure distributions but non-uniform velocity
and temperature distributions with a maximum difference of 8K. The latter was influenced
by convective heat transfer between the fluid and the walls. Nonetheless, the accuracy
was reduced due to the use of a 2D grid without clearances.
The widely used assumption of adiabatic walls is eligible for small scale ORC scroll
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expanders due to the relatively low temperature gradient driving the scroll expansion
process. Thus, the contained energy in the form of temperature changes as a result of
the produced work of the scroll expander system. The use of adiabatic walls disables the
heat flux across the scroll expander working chamber walls to simplify the CFD models.
Similar to the non-uniform pressure distributions, asymmetric temperature fields were
found in [216, 222, 223, 34, 37, 40].
2.6.2 CFD simulations of variable wall thickness scroll expanders
Previous CFD simulations were based on scroll machines with constant wall thicknesses.
Rak et al. (2014) [166, 167] for the first time developed a 2D CFD model for the variable
wall thickness geometry proposed by Bush and Beagle [49, 50] as shown in Fig. 2.33.
Fig. 2.33 2D CFD model for the variable wall thickness design proposed by Bush and Beagle
[49, 50]
The results showed that the wall heat transfer coefficient for the variable wall thickness
chamber was up to three times larger than that in the constant wall thickness chamber.
In contrast to the impact of the rotational speed on the coefficient which was bigger for
the constant wall thickness design. A decreased temperature in all working chambers
and through the scrolls was achieved with an internal cooling system. Based on their
findings, the development of a highly efficient scroll compressor for cryogenic applications
was planned to be carried out. However, the 2D CFD approach, in combination with the
assumption of no clearances to model the leakages, restricted the accuracy.
To sum up, a detailed description of the three-dimensional and time-dependent expansion
process of these novel variable wall thickness expander designs can not be found in the
scientific literature.
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2.7 Brief summary
• Latest requirements for hybrid electric vehicle powertrain systems reveal the demand
for an economical, simple and lightweight internal combustion engine characterised
by a compact design, high fuel efficiency and low NVH characteristics. It is found
that the scroll engine concept could match the requirements for Plug-in Hybrid
Electric Vehicle range extender applications in the power range of 20-50kW.
• A comprehensive review of the literature research for scroll expander geometries
showed that the shape of the scroll profiles to form the working chambers including
highly efficient surfaces are of essential significance in a scroll geometry in order to
reach the optimum performance in ORC systems. Geometrical approaches used
for compressor models have been successfully integrated in scroll expander models.
Thermodynamic modelling of the expander working process show a good agreement
with experimental data. The survey has also revealed the need for high built-in
volume ratios for expander applications in small ORC systems.
• The review confirms that a bigger built-in volume ratio leads to the ability to
perform at higher pressure ratio which in turn produces increased shaft power.
However, the increase of the built-in volume ratio is associated with a large increase
of the scroll profile length in a scroll expander. With a constant wall thickness,
this increase is limited, because it raises sealing and lubrication problems and the
efficiency decreases as a result of increasing internal leakages, heat transfer and
friction losses.
• It is possible to increase the built-in volume ratio without increasing the length of
the scroll profiles by using scroll geometries with a variable wall thickness. Further
evaluation with CFD simulations and experiments should be carried out since this
is not only a promising candidate to improve the performance of ORC systems
but may also open a broad new field of applications when a high pressure ratio is
preferred.
• Scroll profiles can be formed with a variety of other geometrical curves, such as
spirals of Archimedes and twin spirals. Although the studies made of the twin-
spiral geometry are limited, it may have the potential to overcome the geometric
constraints of a scroll expander generated by an involute of a circle with a constant
wall-thickness and to further improve the efficiency and the power output to make
it suitable for particular applications.
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• From a survey of tip shape studies, the scroll tip shape characterised by two arc
curves and a single line to reach the PMP at the central portion of the scroll suction
area appears to be the most promising solution.
• The state-of-the-art of small scale ORC scroll expanders CFD modelling reveal
the main challenges to be the development of three-dimensional, unsteady and
two-phase flow CFD models. This would enable the capture of spatial inner flow
characteristics, evaluation of accurate time-averaged flow and temperature fields and
consideration of the effects of lubricating oil. Moreover, except for one publication,
all the previous CFD simulations were based on scroll machines with constant
wall thicknesses. However, a detailed description of the three-dimensional and
time-dependent expansion process of the novel variable wall thickness expander
design can not be found in the literature.

Chapter 3
Methodology
Firstly, geometrical models for scroll expanders with variable and constant wall thicknesses
are presented in this chapter. The numerical procedure, to develop CFD models for
small scale ORC scroll expanders with varying wall thicknesses, is outlined afterwards.
It comprises the grid generation in addition to all principles and theoretical equations
including criteria to assess convergence. The description of the isentropic expansion
process of scroll expanders, to compare their actual performance with that based on
ideal conditions, is also considered. The innovative range extender scroll engine concept
and working principle is then introduced. The theoretical combustion model is presented
subsequently to conduct an analytical heat release rate analysis of the range extender
scroll engine. The CFD based combustion model for the spark-ignition scroll engine,
based on turbulent premixed combustion, is finally covered.
3.1 Geometrical designs of scroll expanders
The following section describes the creation of geometrical models for variable and
constant wall thickness scroll expander designs.
3.1.1 Variable wall thickness scroll expander geometry
The scroll expander geometry using variable wall thicknesses was created by means of
the equations which Bin et al. (2016) [52, 53] applied to develop a geometrical and
thermodynamic model for a scroll compressor. The scroll profile generation is driven by
a high order curve on the basis of the involute of a circle approach as visualised in Fig.
3.1. Two arcs are used to fabricate the dual arc tip design. The fixed scroll is coloured in
red whereas the orbiting scroll is coloured in blue.
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Fig. 3.1 Geometrical model of the variable wall thickness scroll expander
The fixed scroll profile of the investigated variable wall thickness scroll expander is created
by the function of the involute angle ϕ which can be expressed as
xf = Rgcos(ϕ) +Rssin(ϕ) (3.1)
yf = Rgsin(ϕ)−Rscos(ϕ) (3.2)
where Rg and Rs are defined as variables. Eq. (3.3) is used for the generation of the
involute of a circle
Rg = a and Rs = aϕ (3.3)
where a is defined as the base circle radius. The equations of the high order curve can be
expressed as
Rg = C0 + C1(ϕ− π/2) + C2(ϕ− π/2)2 + C3(ϕ− π/2)3 (3.4)
Rs = C1 + 2C2(ϕ− π/2) + 3C3(ϕ− π/2)2 (3.5)
with the coefficients C0, C1, C2 and C3 to vary the wall thickness. The profile of the
non-working arc is given by
xf = kcos(ϕ) + d (3.6)
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yf = ksin(ϕ) (3.7)
with the parameters k and d to control the wall thickness. A coordinate transformation is
applied to generate the orbiting scroll profile of the variable wall thickness scroll expander.
The corresponding equations to rotate the orbiting scroll profile by 180◦ around the base
circle centre of the fixed scroll are given by
xo = −xf + rob cos(ϕie − π2 + θ) (3.8)
yo = −yf + rob sin(ϕie − π2 + θ) (3.9)
where ϕie is defined as the involute ending angle and θ as the orbiting angle. The orbiting
radius of the moving scroll (rob) can be determined by
rob = a · π − t (3.10)
where t is defined as the scroll wall thickness which can be calculated with the help of
Eq. (3.11)
t = a · (αi − αo) (3.11)
The inner and outer involute initial angles are denoted as αi and αo as shown in Fig.
2.21 in Section 2.5.1. The geometrical parameters to create the scroll expander made of
variable wall thicknesses can be determined from Table 3.1. The acronym VWD is used
in the following chapters to refer to the variable wall thickness scroll expander.
Table 3.1 Parameters for the generation of the variable wall thickness scroll expander design
[52, 53]
Parameter Definition Unit Value
α Initial angle of the involute (-) 0.993
a Base circle radius (mm) 2.25
h Scroll height (mm) 20
rob Orbiting radius (mm) 2.6
R Big circular arc radius (mm) 4.4279
r Small circular arc radius (mm) 1.8279
C0 Constant of wall thickness (-) 32.1464
C1 Constant of wall thickness (-) -11.821
C2 Constant of wall thickness (-) 2.1066
C3 Constant of wall thickness (-) -0.0868
k Control parameter of wall thickness (-) -46.075
d Control parameter of wall thickness (-) 3.375
rv Built-in volume ratio (-) 4.5
74 Methodology
3.1.2 Constant wall thickness scroll expander geometry
The geometrical model for the constant wall thickness scroll expander was created with
the help of the MATLAB code devised by Guo (2016) [130] and in accordance with
the variable wall thickness scroll design as presented in the previous section (3.1.1). In
other words, geometrical parameters such as built-in volume ratio (rv=4.5), scroll height
(h=20mm), base circle radius (a=2.25mm) and orbiting radius (rob=2.6mm) were kept
constant for the generation of the constant wall thickness design. In addition, the dual
arc tip design was also used to close the scroll profiles in the suction area, thus restricting
the geometric differences between the constant and variable scroll expander geometries
to the varying wall thicknesses. The fixed scroll profile of the constant wall thickness
scroll expander was generated by the function of the involute angle ϕ using Eq. (3.1) -
Eq. (3.3). The creation of the orbiting scroll profile was achieved by means of Eq. (3.8) -
Eq. (3.9). Fig. 3.2 shows the geometrical model for the constant wall thickness scroll
expander design which was utilised to develop CFD models for small scale ORC scroll
expanders. The fixed scroll is coloured in red whereas the orbiting scroll is coloured in
blue. The acronym CWD is used in the following chapters to refer to the constant wall
thickness scroll expander design.
Fig. 3.2 Geometrical model of the constant wall thickness scroll expander
The MATLAB code devised by Guo (2016) [130] was also used to create geometrical
models for the constant wall thickness expander part of a range extender scroll engine.
Six different scroll expander geometries with built-in volume ratios (expansion ratios
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(ER)) of 8.2:1, 10.1:1, 12:1, 14:1, 15.9:1 and 17.8:1 were generated respectively. The
geometrical parameters such as scroll height (h), base circle radius (a) and orbiting radius
(rob) were equal to 35mm, 3.1mm and 5.95mm in each case. The creation of the scroll
tip designs was achieved by means of the dual arc tip design. An analytical heat release
rate analysis was subsequently conducted with the help of these geometrical models, to
prove the feasibility of this novel engine technology, as introduced in Section (3.3).
3.1.3 Decreasing wall thickness scroll expander geometry
This section presents the geometrical model of the decreasing wall thickness scroll
expander. The name is derived from the decreasing wall thickness in the radially outward
direction, starting from the origin of the scroll expander until the maximum involute
angle is reached, as shown in Fig. 3.3. The fixed scroll is coloured in red whereas the
orbiting scroll is coloured in blue. The acronym DWD is used in the following chapters
to refer to the decreasing wall thickness scroll expander design.
Fig. 3.3 Geometrical model of the scroll expander using decreasing wall thicknesses
The individual coordinate points (xfo) and (yfo) on the outer involute of the fixed scroll
of the decreasing wall thickness scroll expander can be determined with the help of Eq.
(3.12) and Eq. (3.13) as provided by Liu et al. (2012) [170].
xfo =
(
a+ δ0(ϕ+ α)k
)
cos(ϕ) +
(
a(ϕ+ α) + δ0
k + 1(ϕ+ α)
k+1
)
sin(ϕ) (3.12)
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yfo =
(
a+ δ0(ϕ+ α)k
)
sin(ϕ)−
(
a(ϕ+ α) + δ0
k + 1(ϕ+ α)
k+1
)
cos(ϕ) (3.13)
The initial angle of the inner involute (αi) is equated with the initial angle of the outer
involute (αo) to generate the scroll profiles (αi=αo=α). The control parameters of the
wall thickness k and δ0 are employed to decrease the wall thickness in the radially outward
direction, starting from the origin of the scroll expander until the maximum involute
angle is reached. Eq. (3.12) and Eq. (3.13) can be simplified for k=1 as follows
xfo = (a+ δ0(ϕ+ α)) · cos(ϕ) +
(
a(ϕ+ α) + δ02 (ϕ+ α)
2
)
· sin(ϕ) (3.14)
yfo = (a+ δ0(ϕ+ α)) · sin(ϕ)−
(
a(ϕ+ α) + δ02 (ϕ+ α)
2
)
· cos(ϕ) (3.15)
The individual coordinate points (xfi) and (yfi) on the inner involute of the fixed scroll
of the decreasing wall thickness scroll expander can be obtained by using Eq. (3.16) and
Eq. (3.17)
xfi = (a+δ0(ϕ−π+α))·cos(ϕ)+
[
a(ϕ−α)+ δ02 (ϕ−π+α)
2−(π−2α)2)
]
·sin(ϕ) (3.16)
yfi = (a+δ0(ϕ−π+α))·sin(ϕ)−
[
a(ϕ−α)+ δ02 (ϕ−π+α)
2−(π−2α)2)
]
·cos(ϕ) (3.17)
The orbiting radius rob is calculated by means of Eq. (3.18)
rob = a(π − 2α)− δ02 (π − 2α)
2 (3.18)
A coordinate transformation is applied to determine the individual coordinate points
(xoi) and (yoi) on the inner and (xoo) and (yoo) on the outer involute of the orbiting
scroll of the decreasing wall thickness scroll expander in each case. The corresponding
equations can be expressed as
xoi = −xfi + rob sin(θ) and yoi = −yfi − rob cos(θ) (3.19)
xoo = −xfo + rob sin(θ) and yoo = −yfo − rob cos(θ) (3.20)
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The perfect meshing profile was used to close the scroll curves in the suction area of the
decreasing wall thickness scroll design as illustrated in Fig. 3.3. It should be noted that
the wall thickness control parameter δ0 was equal to -0.05mm.
3.2 Numerical procedure for small scale ORC scroll
expander CFD models
The numerical procedure comprising the principles and theoretical equations, applied to
develop CFD models for small scale ORC scroll expanders with varying wall thickness,
is outlined in this section. The generation of 3D unstructured grids to discretise their
computational domain, along with the dynamic mesh technology to update the deforming
mesh over time, is described at first. The initial and boundary conditions used, as well
as the solution methods such as the spatial and temporal discretisation schemes for the
computational procedure, are then considered. Criteria to assess convergence are also
included. The description of the isentropic expansion process of scroll expanders, to
compare their actual performance with that based on ideal conditions, is finally covered.
3.2.1 Grid generation
The generation of three-dimensional and unstructured grids for varying wall thickness
scroll expanders, to discretise their computational domain along with the dynamic mesh
technology to update the deforming mesh over time, is described in this section.
Grid resolution
As previously mentioned in Section 2.6.1, a few researchers have created models based
on a 3D CFD approach. Hence, three-dimensional, irregular computational grids were
created to capture the inner flow fields of scroll expanders. An inlet pipe, pre-chamber,
suction pipe, and outlet pipe were combined with the scroll expander chamber which
incorporated the entire scroll expander geometries as shown in Fig. 3.4. The grid
generator ANSYS ICEM CFD was used to create the unstructured grids based on the
grid of Wei et al. (2015) [32]. Their work contained an experimental validation. The
unstructured mesh approach has also been used by other researchers [31, 34, 223]. The
mesh report in Table 3.2 shows the number of nodes and cells for each domain of the
computational grids for varying wall thickness scroll expanders with radial clearances of
200µm, 75µm and 50µm respectively.
78 Methodology
Fig. 3.4 3D unstructured grid for a scroll expander made of variable wall thicknesses - side view
(left) and left side view (right)
Table 3.2 Mesh report for varying wall thickness scroll expanders
Domain Number of nodes Number of cells
Suction pipe (VWD) 2871 2280
Inlet pipe (VWD) 28905 26240
Outlet pipe (VWD) 29971 27240
Pre-chamber (VWD) 139009 125556
Suction pipe (CWD) 3610 2916
Inlet pipe (CWD) 31611 28760
Outlet pipe (CWD) 31693 28840
Pre-chamber (CWD) 121355 109788
Scroll expander chambers (VWD - c - 200 µm) 170898 276400
Scroll expander chambers (VWD - m - 200 µm) 295113 503660
Scroll expander chambers (VWD - f - 200 µm) 592872 1045400
Scroll expander chambers (VWD - m - 075 µm) 439971 709680
Scroll expander chambers (VWD - m - 050 µm) 857703 1364420
Scroll expander chambers (CWD - m - 200 µm) 314958 531220
Scroll expander chambers (DWD - c - 200 µm) 151061 248780
All domains (VWD - c - 200 µm) 371654 457716
All domains (VWD - m - 200 µm) 495869 684976
All domains (VWD - f - 200 µm) 793628 1226716
All domains (VWD - m - 075 µm) 640727 890996
All domains (VWD - m - 050 µm) 1058459 1545736
All domains (CWD - m - 200 µm) 503227 701524
All domains (DWD - c - 200 µm) 167430 263986
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The values of the radial clearance have been chosen for computational reasons and for
consistency with earlier studies ([32]). Much lower radial clearance, as in the present case,
would have resulted in a much finer resolution of those gaps, which in turn would have
increased the total number of nodes and cells massively. Hence, the radial clearance was
set to 50µm - 200µm in the present work to balance between computational time and
accuracy of the numerical results. The focus rested on a three-dimensional and transient
analysis of the flow field in the scroll expander working chambers rather than on leakage
flows through the radial clearance. The single-layer grid along these gaps between fixed
and orbiting scroll was therefore assumed to be applicable. The axial clearance was
therefore also excluded. The acronyms c, m and f specify coarse, medium and fine grids
in each case.
Dynamic mesh technology
The dynamic mesh technology provided by ANSYS FLUENT [226] was employed to
numerically simulate the two systems consisting of fixed and orbiting scroll moving in
a relative relationship to one another while changing the enclosed working chamber
volumes over time. As outlined in Section 2.6.1, the dynamic mesh is the most common
approach to capture the fluid motion in the complex scroll expander geometry and to
reproduce the eccentric movement of the orbiting scroll by means of user-defined functions
[32, 33, 35, 36, 47, 222]. The smoothing and remeshing dynamic mesh schemes were
combined and enabled in order to regenerate and recalculate the deforming and moving
mesh in the expander working chambers for every time step. The governing conservation
equation of the dynamic mesh technique reads
d
dt
∫
V
ρφdV +
∫
∂V
ρφ(u⃗− u⃗g) · dA⃗ =
∫
V
Γ∇φ · dA⃗+
∫
V
SφdV (3.21)
and incorporates all the governing equations such as the Navier-Stokes, the continuity
and the energy equation in the calculation of the dynamic motion. ρ denotes the fluid
density, u⃗ the flow velocity vector and u⃗g the mesh velocity of the moving mesh. Γ is
defined as the diffusion coefficient, Sφ as the source term of the scalar φ and V is an
arbitrary control volume with a moving boundary. The rotating velocity of the orbiting
scroll is a constant rotating velocity about the gravity centre.
80 Methodology
3.2.2 Principles and basic equations
The computational fluid dynamics software ANSYS FLUENT 18.0 was applied to perform
the CFD simulations based on the unsteady Reynolds-averaged Navier-Stokes (URANS)
approach in the current study. In comparison to a Direct Numerical Simulation (DNS),
the computational time, to solve the time averaged RANS-equations, can be reduced
significantly because the calculation of the flow quantities is limited to the mean values.
However, much higher accuracy can be achieved with a DNS due to the resolution of
every scale in time and space. It is possible to balance between computational time and
accuracy by conducting a Large Eddy Simulation (LES) which follows a filtering approach
separating the scales. The large eddies in a turbulent flow are calculated whereas the
small eddies are modelled by means of a sub-grid model. Hence, a reduction of the
modelling effort can be achieved in contrast to the RANS approach.
As already mentioned previously, variable wall thickness scroll expanders are not widely
investigated and its expansion process is almost unknown since the research and develop-
ment of these innovative expander designs is still in the early stages. No experimental
research is available and all the literature can be narrowed down to theoretical stud-
ies [228]. The same applies to the range extender scroll engine concept which will be
presented in Section 3.3. All the literature is limited to patents and analytical studies
[59–61]. Hence the main purpose for the choice of the URANS approach is to prove the
thermodynamic theory in addition to the demonstration of the CFD capability of these
innovative and novel variable wall thickness scroll expander designs for applications in
small scale ORC systems and hybrid vehicle powertrain systems. Nevertheless, a more
detailed description of the three-dimensional and time-dependent expansion/combustion
process of these novel variable wall thickness expander designs could have been achieved
by carrying out Large Eddy or even Direct Numerical Simulations.
A fully developed turbulent flow is chaotic and random and consists of large and small
eddies characterised by different length scales. There is an interaction between these
scales which in turn dissipates the contained energy from large to small scales according
to the theory of Kolmogorov (1941) [229]. Furthermore, the main characteristics of the
flow are contained in the large scales because they possess most of the kinetic energy in
addition to their diffusivity, anisotropy and inhomogeneity. In contrast, the small scales
are identified to be uniform and isotropic.
The necessary components to describe a three dimensional turbulent flow are the velocity
ui in the three directions x,y,z and the scalar quantities like the pressure p, the temper-
ature T and the density ρ. Hence, six equations are needed to calculate the flow and
temperature field of a fluid. In particular, the continuity equation, the Navier-Stokes
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equations, the energy equation and the thermal equation of state. Fig. 3.5 illustrates the
separation of the flow properties such as velocity, pressure and other scalar quantities
in a time averaged value φ and a fluctuating value φ′ . This approach was proposed by
Reynolds in 1894 [230]. With regard to the separation approach the velocity, the pressure
Fig. 3.5 Separation of flow properties in time averaged and fluctuating values [230]
and the scalar are divided into
ui = u¯i + u
′
i (3.22)
pi = p¯i + p
′
i (3.23)
φ = φ¯+ φ′ (3.24)
where the overline describes the time averaged component and the prime the fluctuating
component. The velocity and the pressure of the unsteady continuity and Navier-Stokes
equations are replaced by the Reynolds approach which in turn yields the time averaged
RANS equations. For a compressible fluid in a fully developed turbulent flow, the
continuity equation in Cartesian coordinates xi, i=1,2,3 can be determined as shown in
Eq. (3.25)
∂ρ
∂t
+ ∂
∂xi
(ρui) = 0 (3.25)
and the RANS equations are defined as
∂
∂t
(ρui) +
∂
∂xj
(ρuiuj) = − ∂p
∂xi
+ ∂
∂xj
[µ(∂ui
∂xj
+ ∂uj
∂xi
− 23δij
∂ul
∂xl
)] + ∂
∂xj
(−ρu′iu′j) (3.26)
The additional term (−ρu′iu′j) occurs due to the Reynolds decomposition and the resulting
Eq. (3.25) and Eq. (3.26). A turbulence model is needed to close and solve the RANS
equations and model the Reynolds stresses.
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3.2.3 Turbulence models
As already described in the previous section, a turbulence model is necessary to solve
the closure problem of the RANS equations. Turbulence models can be categorised
into linear eddy viscosity models based on the Boussinesq approach and Reynolds-stress
equation models (RSM). The Reynold stress term (−ρu′iu′j) is modelled by means of a
turbulence model in order to represent the physical effects of the flow field. The standard
k-ϵ turbulence model and the Re-Normalisation Group (RNG) k-ϵ turbulence model
were used in the current study to investigate the influence of different turbulence models
on the solution. While the standard k-ϵ model is widely accepted, the same sources
recommend the RNG model for complex flows, such as strained and swirling flows as in
the present case [226].
Standard k-ϵ turbulence model
The standard k-ϵ model is a two-equation and semi-empirical turbulence model and was
constructed and developed by Launder and Spalding (1972) [231]. The calculation of
the turbulent velocity is separated from the determination of the length scales. The
application of this model is based on the assumption that the investigated flow is turbulent
and the viscosity is isotropic. The extended versions of the model are the realisable
k-ϵ model and the Re-Normalisation (RNG) k-ϵ model. The k-ϵ model is the most
popular turbulence model to simulate the flow and temperature fields in recirculating,
environmental and industrial flows. It is characterised by a good accuracy. The transport
equations of the standard k-ϵ turbulence model are given by
∂
∂t
(ρk) + ∂
∂xi
(ρkui) =
∂
∂xj
[(µ+ µt
σk
) ∂k
∂xj
] + Pk + Pb − ρϵ − YM + Sk (3.27)
and
∂
∂t
(ρϵ) + ∂
∂xi
(ρϵui) =
∂
∂xj
[(µ+ µt
σϵ
) ∂ϵ
∂xj
] + C1ϵ
ϵ
k
(Pk + C3ϵPb)− C2ϵρϵ
2
k
+ Sϵ (3.28)
where k describes the turbulent kinetic energy and ϵ the dissipation rate of the turbulent
kinetic energy. σk defines the turbulent Prandtl number for the turbulent kinetic energy
and σϵ defines the turbulent Prandtl number for the dissipation rate whereas C1ϵ, C2ϵ
and C3ϵ are denoted as turbulence model constants. From the equations above it follows
that the modelled turbulent viscosity µt can be expressed as a combination of k and ϵ
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with the constant Cµ
µt = ρCµ
k2
ϵ
(3.29)
In Eq. (3.30) listed below
Pk = −ρu′iu′j
∂uj
∂xi
(3.30)
Pk denotes the production of the turbulent kinetic energy as a result of the mean velocity
gradients. Pk can be also expressed as
Pk = µtS2 (3.31)
with the mean strain rate tensor S
S =
√
2SijSij (3.32)
The production of kinetic energy, as a result of the buoyancy effects, can be described as
Pb = βgi
µt
Prt
∂T
∂xi
(3.33)
where Prt defines the turbulent Prandtl number with a default value of 0.85 and β
represents the thermal expansion coefficient as listed below
β = −1
ρ
( ∂ρ
∂T
)p (3.34)
Eq. (3.35) can be used to include the influence of compressibility effects on the turbulence
level. The dilatation dissipation YM is defined as
YM = 2ρϵMa2t (3.35)
where Mat describes the turbulent Mach number. The k-ϵ turbulence model constants
were experimentally obtained from air and water wall-bounded and free shear flows. The
values are listed in Table 3.3 below.
Table 3.3 k-ϵ turbulence model coefficients
C1ϵ C2ϵ C3ϵ Cµ σk σϵ
1.44 1.92 0.33 0.09 1.0 1.3
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RNG k-ϵ turbulence model
The RNG k-ϵ turbulence model is based on a mathematical Re-Normalisation Group
(RNG) method. The Navier-Stokes equations were renormalised in order to improve the
performance of this turbulence model in terms of accuracy and reliability. A wider range
of turbulent length scales, contributing to the turbulent diffusion, is captured by the RNG
approach. Hence, the RNG model can be used for more application fields and complex
flows, such as strained flows, swirling flows and low Re-number flows in comparison to the
standard k-ϵ model. A more detailed description of the mathematical RNG technique can
be found in the work of Yakhot et al. (1986,1992) [232, 233]. The transport equations of
the RNG k-ϵ turbulence model are similar to the transport equations of the standard k-ϵ
turbulence model. Except for the ϵ equation which was extended by an additional source
term. The governing equations are given by
∂
∂t
(ρk) + ∂
∂xi
(ρkui) =
∂
∂xj
(αkµeff
∂k
∂xj
) + Pk + Pb − ρϵ − YM + Sk (3.36)
and
∂
∂t
(ρϵ) + ∂
∂xi
(ρϵui) =
∂
∂xj
(αϵµeff
∂ϵ
∂xj
] +C1ϵ
ϵ
k
(Pk +C3ϵPb)−C2ϵρϵ
2
k
+−Rϵ + Sϵ (3.37)
where αk defines the inverse effective Prandtl number for the turbulent kinetic energy
whereas αϵ denotes the inverse effective Prandtl number for the dissipation rate. The
two turbulent Prandtl numbers are analytically solved. The user can use, modify and
include source terms by means of Sk and Sϵ. The eddy viscosity in low-Reynolds number
flows can be calculated by the integration of the following differential equation
d( ρ
2k√
ϵµ
) = 1.72 vˆ√
vˆ3 − 1 + Cv
dvˆ (3.38)
where vˆ is defined as
vˆ = µeff
µ
and Cv ≈ 100. (3.39)
The eddy viscosity in flows with a high Reynolds number is calculated by applying Eq.
(3.40)
µt = ρCµ
k2
ϵ
(3.40)
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The additional rate of strain term Rϵ in the ϵ-equation is defined as
Rϵ =
Cµρη
3(1− η
η0
)
1 + βη3
ϵ2
k
(3.41)
with
η = Sk
ϵ
and S2 = 2SijSij (3.42)
which in turn leads to a new equation for the dissipation rate ϵ as listed below
∂
∂t
(ρϵ) + ∂
∂xi
(ρϵui) =
∂
∂xj
(αϵµeff
∂ϵ
∂xj
] + C1ϵ
ϵ
k
(Pk + C3ϵPb)− C∗2ϵρ
ϵ2
k
(3.43)
where C∗2ϵ can be expressed as
C∗2ϵ = C2ϵ +
Cµη
3(1− η
η0
)
1 + βη3 (3.44)
The model coefficients for the RNG k-ϵ turbulence model are listed in Table 3.4
Table 3.4 RNG k-ϵ turbulence model coefficients
Cµ σk σϵ Cϵ1 Cϵ2 β η0
0.0845 0.72 0.72 1.42 1.68 0.012 4.38
3.2.4 Energy equation
The energy equation was applied in combination with the continuity and Navier-Stokes
equations to examine the temperature fields in the scroll expander working chambers.
The energy equation in ANSYS Fluent is defined as follows
δ
δt
(ρE) +∇ · (v⃗(ρE + p)) = ∇ · (keff∇T −
∑
j
hjJ⃗j + (τ¯ eff · v⃗)) + Sh (3.45)
In Eq. (3.45) E is the total energy, keff denotes the effective thermal conductivity,
J⃗j the diffusion flux and Sh the heat generated by chemical reactions. The energy
equation considers heat transfer phenomena induced by conduction, diffusion and viscous
dissipation.
E = h− p
ρ
+ v
2
2 (3.46)
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The sensible enthalpy h for the case that the fluid is treated as an ideal gas reads
h =
∑
j
Yjhj (3.47)
whereas the sensible enthalpy h for an incompressible fluid can be expressed as
h =
∑
j
Yjhj +
p
ρ
with hj =
∫ T
Tref
cp,jdT (3.48)
where Yj is defined as the mass fraction.
Energy equation in the k-ϵ turbulence models
The Reynolds analogy defines the approximate relation between turbulent momentum
and heat transfer in a fully developed flow and thermal field. Hence, the heat transfer
can be predicted with the help of the skin friction [234]. The Energy equation in ANSYS
Fluent employs this approach and reads
δ
δt
(ρE) + δ
δxi
[ui(ρE + p)] =
δ
δxj
[keff
δT
δxj
+ ui(τij)eff ] + Sh (3.49)
where the deviatoric stress tensor (τij)eff considers the viscous heating and is denoted by
(τij)eff = µeff (
δuj
δxi
+ δui
δxj
)− 23µeff
δuk
δxk
δij (3.50)
The standard k-ϵ turbulence model uses the equation listed below to calculate the thermal
conductivity
keff = k +
cpµt
Prt
(3.51)
whereas keff in the RNG k-ϵ turbulence model is determined by Eq. (3.52)
keff = αcpµeff (3.52)
The main difference between those two equations is that Eq. (3.51) sets the turbulent
Prandtl number equals to a default value while Eq. (3.52) calculates the inverse turbulent
Prandtl numbers for k and ϵ by means of an additional equation respectively.
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3.2.5 Treatment of the near-wall region
No-slip boundary conditions were applied to the corresponding walls of the domain. The
first cell was resolved in the fully turbulent flow region with the help of standard wall
functions. Fig. 3.6 shows two different approaches for the treatment of the near-wall
region. More specifically, the wall function and the near-wall model approaches. The
Fig. 3.6 Two different strategies for the treatment of the near-wall region [226]
near-wall region can be separated into viscous sublayer, buffer region and fully turbulent
region. It is possible to resolve the viscous sublayer with the URANS approach. However,
a fine resolution of the grid in the wall-normal direction is necessary. The cell-centre
of the first cell at the wall needs to be located close enough to the wall to achieve a
dimensionless wall distance of y+<1 which is defined as
y+ = uτy
ν
(3.53)
where uτ is the friction velocity, ν the kinematic viscosity and y the distance to the wall.
The dimensionless velocity u+ can be expressed as
u+ = U
uτ
(3.54)
A reduction of the computational time can be achieved by using the wall functions, also
known as semi-empirical relations. The reason is that the first cell is located in the region
where the flow is fully turbulent (y+ ≈ 60). However, the determination of quantities
like friction factor Cf or Nusselt number Nu at the wall can be challenging. The log law,
the dimensionless velocity u∗ and dimensionless wall distance y∗ in the standard wall
88 Methodology
functions of Launder and Spalding (1974) [235] are defined as follows
u∗ = 1
k
ln(Ey∗) (3.55)
u∗ =
uPC
1/4
µ k
1/4
P yP
τ/ρ
(3.56)
y∗ =
ρC1/4µ k
1/4
P yP
µ
(3.57)
where the von Karman constant k is set to 0.41 and the constant E is 9.8. µ denotes the
fluid dynamic viscosity, yP is defined as the distance from the wall to the centre of the
first cell while kP and uP describe the turbulent kinetic energy and the mean velocity in
the centre of the first cell respectively.
The Reynolds analogy is applied to approximate the relation between turbulent mo-
mentum and turbulent heat transfer which reveals a similar law for the temperature
distribution in the near wall region. The conduction is the specifying effect in the thermal
sublayer and can be described as a linear law. A logarithmic law is used to describe the
temperature distribution in the fully turbulent region. The temperature wall functions
can be found in [226]. It should be also noted that adiabatic walls were used in the
current study. The heat flux was set to zero at the scroll expander walls.
3.2.6 Further numerical schemes
Further numerical schemes, used to develop small scale ORC scroll expander CFD models,
are presented in this section. The PISO (Pressure Implicit with Splitting of Operators)-
Algorithm was employed to solve the Navier-Stokes equations by predicting the pressure
from the coupled system of continuity and momentum equations, based on a pressure
correction. The Green-Gauss Node-Based method was applied for the computation of the
gradients of any given scalar at the centre of each cell. This method is claimed to achieve
good accuracies in computational domains discretised by unstructured meshes [226]. The
PRESTO (PREssure STaggering Option) scheme was applied for the interpolation of the
pressure values because the computational domain includes extreme curvatures, rotating
flows, large pressure and velocity fluctuations and high velocity gradients. For such flows,
it has been reported [226] that PRESTO gives better accuracy than standard pressure
interpolation schemes, but at the expense of longer computational times. Second-order
upwind schemes were applied for the spatial discretisation of the density, momentum
and energy equations respectively. The first-order upwind schemes were enabled for
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the turbulence equations. The first-order implicit unsteady formulation was utilised to
run the transient CFD simulations with the pressure-based solver. This formulation is
recommended in consideration of the simulation accuracy, stability and process time
[226]. The inlet total pressure and inlet total temperature in combination with the outlet
static pressure and backflow total temperature were applied as boundary conditions for
the inlet pipe inlet and outlet pipe outlet respectively. The NIST real gas model for the
refrigerant R123, from the REFPROP (Reference Fluid Thermodynamic and Transport
Properties) database, was selected to model the thermodynamic and transport properties
of the working fluid [226, 236]. The energy source due to viscous dissipation was included
in the energy equation as appropriate for a high-velocity compressible flow.
3.2.7 Under-relaxation factors
Under-relaxation factors are specified to achieve a reduction of numerical oscillations.
This, in turn, increases the numerical stability but at the expense of the convergence
speed. According to the ANSYS Fluent manual [226], Eq. (3.58) reveals the prediction
of a generic property (ϕ) by incorporating an under-relaxation factor f
ϕnew = ϕold + f(ϕintermediate − ϕold) (3.58)
All the generic properties at each cell are updated after each iteration by using under-
relaxation factors of f<1.
3.2.8 Criteria to assess CFD convergence
The criteria to assess CFD convergence are outlined in the following section. Eq. (3.59)
defines the ratio of work per cycle calculated from angular momentum change (W˙a) to
that calculated from total enthalpy change (W˙h). This was used to judge convergence, as
it should be equal to unity when the overall energy balance is satisfied by the solution.
W˙a
W˙h
=
∫ t2
t1 (τ · n)dt∫ t2
t1 m˙(ht,out − ht,in)dt
= 1 (3.59)
τ and n define the scroll expander torque and rotational speed respectively. Moreover,
residual levels and quantities of the internal flow field in specific points were monitored
to reach convergence. Absolute convergence criteria for residuals are listed in Table 3.5.
It should be noted that residuals also represent a criteria for numerical stability.
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Table 3.5 Absolute convergence criteria for residuals
Residual Absolute
(-) criteria (-)
continuity 1e-03
x-velocity 1e-03
y-velocity 1e-03
z-velocity 1e-03
energy 1e-06
k 1e-03
ϵ 1e-03
3.2.9 Isentropic expansion
The actual performance of scroll expanders is compared with the performance based
on ideal conditions by means of the isentropic efficiency. For both processes, the total
pressure and total temperature at the scroll expander inlet in combination with the exit
static pressure and total backflow temperature were utilised to calculate the isentropic
efficiency. The unsteady flow energy balance, applied to a control volume of the scroll
expander domain, reads as follows
Q˙− W˙ = m˙[(ht,out − ht,in) + g(zout − zin)] + d(ESystem)
dt
(3.60)
in which W˙ represents the power output and Q˙ the heat transfer of the system. m˙ is
specified as the mass flow rate through the system and ht,out and ht,in are denoted as the
specific total enthalpies. Moreover, g(zout − zin) defines the potential energy changes and
d(ESystem)
dt
represents the change rate of the total energy contained inside the system. The
actual and ideal processes were both assumed to be adiabatic. A further assumption is
the neglect of potential energy changes. The isentropic efficiency (ηis) is subsequently
defined as the actual power output (W˙h) over the isentropic power output (W˙is) and can
be expressed as
ηis =
W˙h
W˙is
=
∫ t2
t1 (m˙in · ht,in)dt−
∫ t2
t1 (m˙out · ht,out)dt∫ t2
t1 (m˙in · ht,in)dt−
∫ t2
t1 (m˙out · ht,out,is)dt
(3.61)
It is important to obtain the isentropic efficiency based on the specific total enthalpies at
the scroll expander domain inlet and outlet (ht,in and ht,out) by considering the effects of
the instantaneous mass flow rate at the scroll expander domain outlet (m˙out) as shown
in Eq. (3.61). The mass flow rate at the scroll expander domain inlet is defined as min.
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The specific total enthalpy of the isentropic process at the scroll expander domain outlet
(ht,out,is) is determined with the help of the specific entropy at the inlet of the scroll
expander domain (sin) and the static pressure defined at the outlet of the domain (ps,out).
t1 and t2 specify the initial and final state of one revolution of the orbiting scroll.
3.3 Range extender scroll engine concept and work-
ing principle
The range extender scroll engine concept and working principle is outlined in the
following section. This novel engine technology consists of an upstream compressor
and a downstream scroll expander made of constant wall thicknesses. The scroll profiles
of the range extender scroll engine expander were generated with the help of a scroll
expander geometrical model developed in MATLAB by Guo (2016) [130] as presented
in Section 3.1.2. Six different scroll expander geometries with expansion ratios of 8.2:1
(Dsh=21cm), 10.1:1 (Dsh=25cm), 12:1 (Dsh=29cm), 14:1 (Dsh=33cm), 15.9:1 (Dsh=37cm)
and 17.8:1 (Dsh=41cm) were created respectively. The corresponding scroll expander
housing diameter is defined as Dsh. The schematic cross-sectional view of the expander
part of the range extender scroll engine is illustrated in Fig. 3.7.
Fig. 3.7 Schematic cross-sectional view of the expander part of the range extender scroll engine
((left) used drawings from [237, 238] and p-V diagram of the scroll engine combustion process
based on the Miller/Atkinson cycle [239])
It should be noted that the entire scroll engine housing, including the cooling applications
in addition to the compressor and expander components, has a height of 15cm. The
working principle of the range extender scroll engine is the following. A mixture of
air and fuel is compressed by a compressor at stoichiometric ratio and at two different
compression ratios (CR) of 8.2:1 and 10.1:1 to high pressures of 15.41bar and 20.25bar
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respectively. The compressed mixture is then introduced into the expander which is
mechanically connected and drives the compressor. The ignition of the air-fuel mixture
with two spark plugs takes place as soon as the expander suction port is closed (θ=0◦)
in order to start the combustion process. The two spark plugs are integrated into two
expansion chambers as shown in Fig. (3.7). A connected generator is driven by the
produced mechanical movement of the orbiting scroll as a result of the combustion process.
The exhaust gas is passed and cleaned by a catalytic converter after the expansion is
finished. The engine operation (1-2-3-4M/A-5-1) is based on the Miller or Atkinson cycle
as shown in Fig. (3.7). The scroll engine provides the opportunity to apply different
compression and expansion ratios since the compression and expansion processes take
place at different locations. This, in turn, can lead to a more thorough expansion and
can generate additional power without the combustion of additional fuel. Hence, a higher
efficiency can be achieved with the scroll engine cycle which is similar to Miller/Atkinson
cycle. Lu et al. (2018) [61] also carried out a feasibility study of a scroll type rotary
gasoline internal combustion engine but employed in a Humphrey, Otto and Brayton
cycle to compare its performances. In other words, the main differences to the concept
presented in this report are the applied thermodynamic cycle and the performance
analysis method.
3.4 Theoretical combustion model
The theoretical combustion model is presented in this section. The combustion process of
octane under stoichiometric conditions is described at first, followed by the heat release
rate analysis to examine the range extender performance analytically.
3.4.1 Stoichiometric combustion
This section describes the combustion process of the hydrocarbon fuel octane (C8H18)
under stoichiometric conditions including the introduction of relations between reactants
and products. It is generally known that a gaseous hydrocarbon fuel is composed of a
mixture of different gases. The mole fraction xi of each component can be determined by
means of Eq. (3.62)
xi =
ni
ntot
(3.62)
where ni defines the mole number of each constituent and ntot is denoted as the total
mole number of the gas mixture. It can be determined from Eq. (3.63) that the mole
3.4 Theoretical combustion model 93
fractions of all components (N) add up to a total of 1.
N∑
i=1
xi = 1 (3.63)
The chemical equation for the combustion of octane C8H18 under stoichiometric conditions
reads
C8H18 + 12.5(O2 + 3.773N2) = 8CO2 + 9H2O + 47.16N2 (3.64)
A complete combustion is achieved when the reactants fuel (C8H18) and air (O2 and
N2) are completely converted into the products carbon dioxide (CO2), water (H2O)
and nitrogen (N2). Or in other words, 59.66 moles of air are necessary to achieve a
stoichiometric combustion of 1 mole of octane as outlined in Eq. (3.65) below
1 + 12.5(1 + 3.773) = 1 + 59.66 = 60.66 moles (3.65)
The total mole number of the combustion products can be determined using Eq. (3.66)
8 + 9 + 47.16 = 64.16 moles (3.66)
Thus, the thermodynamic properties such as the molecular weight (M) of each reactant
(R) and product (P ) of the gas mixture can be calculated with the help of Eq. (3.67)
and Eq. (3.68).
MR =
1
ntot
∑
niMi =
(1 · 114.15 + 59.66 · 28.96)
60.66 =
(114.15 + 1727.8)
60.66 = 30.36
g
mol
(3.67)
MP =
1
ntot
∑
niMi =
(8 · 44.01 + 9 · 18.02 + 47.16 · 28.16)
64.16 =
(1842.3)
64.16 = 28.71
g
mol
(3.68)
Hence, the stoichiometric fuel-air ratio, which is specified as the unburned fuel mass
fraction (Yfuel) in Fluent, can be identified with Eq. (3.69)(
F
A
)
s
= (Yfuel) =
(
114.15
1727.8
)
= 0.066 (3.69)
3.4.2 Heat release rate analysis
This section describes the theoretical procedure including all principles and basic equations
which are necessary to carry out an analytical heat release rate analysis provided by
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Heywood (1988) [240]. The working principle and performance of the scroll engine can
be thereby evaluated and assessed in terms of thermal efficiency and power output to
verify this novel engine technology. First of all, the compression process in the upstream
located compressor was assumed to be isentropic. The compressor inlet pressure and
temperature were set to 300K and 1bar. The pressure and temperature at the compressor
outlet were calculated for two compression ratios (8.2:1 and 10.1:1) and utilised as initial
conditions for the expander. Secondly, the compression process of the air-fuel (A/F)
mixture was based on a stoichiometric A/F ratio of 14.7:1. The amount of the total heat
introduced into the expander can be determined by using the following equation
Qin = mfuel · LHV (3.70)
where Qin defines the total heat input and mfuel represents the mass of the fuel. LHV is
defined as the lower heating value, commonly known as the net calorific value. A lower
heating value of 44.5 MJ/kg was used to carry out the calculation. Thirdly, the mass
fraction burned profile (xb) for the combustion process of the scroll engine can be defined
by applying Eq. (3.71) which describes the Wiebe function
xb = 1− exp
[
− a(θ − θ0△θ )
m+1
]
(3.71)
where θ is denoted as the orbiting angle of the moving scroll and θ0 (0◦) as the orbiting
starting angle when the air-fuel mixture is ignited by the spark plugs. The duration of
the ignition process △θ was specified to 24◦. The typical values for the parameters for a
and m are a=5 and m=2 [240]. The heat release rate during the combustion process was
subsequently calculated by multiplying the derivatives of the Wiebe function with the
amount of the total heat introduced into the expander. The heat release rate reads
dQ
dθ
= γ
γ − 1p
dV
dθ
+ 1
γ − 1V
dp
dθ
(3.72)
with the heat release rate dQ, the volume change dV and the pressure change dp. The
heat capacity ratio γ was equals to 1.3. The volume was computed with the help of
the geometrical model developed by Guo (2016) [130]. The pressure distribution in the
expansion chambers of the scroll engine during the combustion process can be then
determined based on Eq. (3.72). The heat transfer and leakage flows were neglected to
simplify the heat release calculations. Additionally, the expansion process of the burned
air-fuel mixture was assumed to be isentropic after the combustion process was finished.
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Finally, the produced work output of the scroll engine expander (Wexp) can be obtained
by using Eq. (3.73)
Wexp =
∫
pdV (3.73)
Based on an isentropic compression process, the work consumption to drive the compressor
(Wcomp), which is mechanically connected with the expander, can be calculated by means
of Eq. (3.74)
Wcomp =
γ
γ − 1RT1
[
(p2
p1
)
γ−1
γ − 1
]
(3.74)
where R is defined as the universal gas constant. T1 and p1 are denoted as the temperature
and pressure at the scroll compressor inlet whereas p2 represents the pressure at the
scroll compressor outlet. The thermal efficiency of the range extender scroll engine
(ηscroll engine) can be calculated by Eq. (3.75) which can be expressed as
ηscroll engine =
Wexp −Wcomp
Qin
(3.75)
3.5 CFD based combustion model approach
This section presents the numerical procedure to develop a CFD based combustion model
for a spark-ignition scroll engine. The underlying theory is the turbulent premixed
combustion approach. This initially comprises the characterisation of the flame front
propagation which is based on the c-equation model theory. The models, to predict the
turbulent flame speed and the spark ignition, are presented afterwards. The non-adiabatic
calculation of the temperature, flame quenching and further numerical schemes, used for
the CFD based combustion modelling, are finally covered.
3.5.1 Turbulent premixed combustion model theory
The turbulent premixed combustion model theory is based on the assumption that fuel
(octane) and the oxidizer (air) are already mixed before the ignition inside the combustion
chambers takes place. The premixed air-fuel mixture was assumed to be compressed to
a pressure of 7.07bar and a temperature of 473.15K prior to the introduction into the
suction chamber of the scroll engine expander. Hence, the spark-ignition scroll engine
was operated on the Otto cycle since the compression and expansion ratios of 4.5 were
identical. The exit static pressure and total backflow temperature were equal to 1.1bar
and 300K. The rotational speed was set to 2000rpm. The c-equation model theory is
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used in ANSYS Fluent to predict the flame front propagation inside the combustion
chambers, separating unburned reactants and burned products, as presented in the next
section.
Flame front propagation
The flame front propagation is modelled with the help of a transport equation to solve a
reaction progress variable c. As previously mentioned, the combustion process is based
on a premixed combustion approach and therefore characterised by a moving flame front
which generates a thin flame sheet. The latter separates the unburned reactants (c=0)
and the burned products (c=1) inside the combustion chambers [241]. The transport
equation to solve the reaction progress variable c reads
δ
δt
(ρc) +▽ · (ρv⃗c) = ▽ ·
(
µt
Sct
▽ c
)
+ ρSc (3.76)
in which Sct defines the turbulent Schmidt number for the gradient turbulent flux and Sc
(s−1) represents the reaction progress source term. The definition of the reaction progress
variable c can be determined as shown in Eq. (3.77).
c =
n∑
i=1
Yi
n∑
i=1
Yi,ad
(3.77)
where n defines the number of products, Yi represents the mass fraction of species i and
Yi,ad is the the mass fraction of species i after the combustion under adiabatic conditions
is finished. The values for the reaction progress variable c are listed in Table 3.6.
Table 3.6 Reaction progress variable c [241]
c=0 unburned gas
c=1 burned gas
It can be determined from Table 3.6 that c is equal to 0 for an unburned air-fuel mixture
whereas c becomes equal to 1 for a burned air-fuel mixture. Eq. (3.76) contains the mean
reaction rate which can be expressed as
ρSc = ρuUt| ▽ c| (3.78)
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in which ρu is denoted as the density of the unburned mixture and Ut is defined as the
turbulent flame speed. The progress variable c was set to 0 at the scroll expander inlet
to ensure that unburned mixture enters the device.
Turbulent flame speed modelling
The flame propagation inside the combustion chambers of the scroll engine expander
depends on the laminar flame speed Ul and the turbulence level (intensity and length
scale), twisting and stretching the flame. The laminar flame speed was set equal to a
constant value of Ul=0.3ms . This value depends on the fuel concentration and is derived
from experiments [241]. The CFD based combustion model for the spark-ignition scroll
engine was equipped with the Peters closure model to predict the mean turbulent flame
speed Ut as expressed in Eq. (3.79).
Ut = Ul(1 + σt) (3.79)
The function σt in the Peters model is given by
σt = −a4b
2
3
4b1
lf
δ
lq∗ +
[(
a4b
2
3
4b1
lf
δ
lq∗
)2
+
(
Csb
2
3
2
u
′
l2f
Ulδlt
)] 1
2
(3.80)
where b1, b3 and a4 are defined as Peters model constants. The flame brush thickness, the
laminar flame thickness and the Ewald’s corrector are specified as lf , δ and lq∗ respectively.
The RMS (root-mean-square) velocity is defined as u′ and the turbulent length scale is
expressed as lt. The model constant a4 can be determined with Eq. (3.81) as listed below
a4 =
√
3CµCs
Sct
(3.81)
in which Cµ and Cs are further model constants. The value for Cµ is provided by the
RNG-k-ϵ turbulence model. It should be noted that there is a wall damping function
implemented in ANSYS Fluent to decelerate the mean turbulent flame speed in the near-
wall region. However, it just modifies the mean turbulent flame speed itself nearby the
walls because the premixed combustion model approach lacks of a numerical sub-model
to quench the flame there.
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Spark ignition modelling
Spark energies in the order of 1mJ and durations of a few microseconds should be
sufficient to ignite the air-fuel mixture with the integrated spark plugs [240]. However,
the air-fuel mixture conditions change with the engine speed. Thus, the spark energy and
spark ignition duration were specified to 50mJ and 0.5ms in the CFD model respectively
as suggested by Heywood (1988) [240]. ANSYS Fluent uses a spark flame speed model
to predict the final spark radius rf which is defined as follows
rf = max
(
r0 + 3△, 3r0,min
(
1
2 lt, r0 + 10△
))
(3.82)
where r0 is defined as the initial spark radius. The length scale of the cell is represented
by △. However, it should be noted that the Peters model is activated once the spark
diameter reaches a diameter size equal to the turbulent length scale lt [226]. The spark
radius r is then modelled by Eq. (3.83). It can be determined from (Eq. 3.83) that the
spark radius r depends on the unburned and burned densities (ρu and ρb) in addition to
the mean turbulent flame speed Ut and the time.
dr
dt
= ρu
ρb
Ut (3.83)
Fig. 3.8 shows the two different scroll engine expander configurations SCE1 and SCE2
which are distinguished by different spark plug locations (yellow points) to examine the
effects of ignition timing on the combustion process.
(a) SCE1 (z=0.5mm) (b) SCE1 (x=-2mm) (c) SCE2 (x=0.5mm)
Fig. 3.8 Spark plug locations in scroll engine SCE1 and SCE2
3.5 CFD based combustion model approach 99
More precisely, SCE1 defines the scroll engine in which the air-fuel mixture was ignited
in two combustion chambers once per revolution at the time when the suction port
was fully closed to avoid any fresh charge to be aspirated into combustion chamber
C1. SCE2 is denoted as the scroll engine in which the ignition of the fresh charge was
started 10ms after the closure of the suction port once per revolution of the orbiting
scroll. It should be noted that the two spark plugs were located further downstream in
the two combustion chambers of SCE2 to ensure their central location with regard to
the combustion chambers. It should be also stated that the implemented spark flame
speed model of ANSYS Fluent disabled the use of two spark plugs simultaneously. Hence,
the duration of each spark ignition was set to t=0.5ms. Thus, the second spark plug in
combustion chamber C2 was therefore activated immediately after the ignition of the first
spark plug was finished in both cases. The initial spark radius was specified to 0.75mm.
The fixed scrolls are coloured in red whereas the orbiting scrolls are coloured in blue as
shown in Fig. 3.8. The discharge chambers are specified as D1 and D2 respectively.
Non-adiabatic calculation of the temperature
The non-adiabatic premixed combustion model was chosen to predict the temperature
field inside the working chambers of the scroll engine expander. Heat transfer effects due
to chemical reactions (Sh,chem) and thermal radiation phenomena (Sh,rad) are considered
in the non-adiabatic premixed combustion model approach.
It should be stated that the adiabatic premixed combustion model can not be used
because pressure variations are excluded under the assumption of a constant mean
molecular weight of the mixture. The temperature would be predicted by means of a
linear relation between the unburned and burned mixture.
The energy transport equation of the non-adiabatic premixed combustion model reads
δ
δt
(ρh) +▽ · (ρv⃗h) = ▽ ·
(
k + kt
cp
▽ h
)
+ Sh,chem + Sh,rad (3.84)
where h is defined as the sensible enthalpy. The density ρ is computed by means of
the ideal gas equation of state to include compressible effects associated with pressure
fluctuations.
The sum of thermal conductivity (k=0.0454 W
mK
) and turbulent thermal conductivity (kt)
is denoted as the effective thermal conductivity (keff ). The premixed combustion model
uses a fifth-order polynomial to model the pressure coefficient cp for the non-adiabatic
temperature calculation of the unburned and burned air-fuel mixture which can be
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expressed as
cp = a1 + a2T + a3T 2 + a4T 3 + a5T 4 (3.85)
T represents the temperature and a1 - a5 are defined as polynomial constants in Eq.
(3.85). Table 3.7 contains the default values of the polynomial constants for octane
(C8H18), nitrogen (N2) and oxygen (O2) which are implemented in Fluent. The polynomial
constants a1 - a5 for the stoichiometric air-fuel mixture are determined for two temperature
ranges (300-1000K and 1000-5000K) by using Eq. (3.86)
ai =
∑
xiai,i (3.86)
Eq. (3.87) reveals the mole fractions (xi) of the reactants which are obtained using Eq.
(3.62) and Eq. (3.63)
1
60.66 +
12.5
60.66 +
47.1625
60.66 = 1 (3.87)
Table 3.7 Polynomial constants a1 - a5
Fluid Temperature a1 a2 a3 a4 a5
Octane 0200-1000K 59.37375 5.332576 0.001297768 -5.048318e-06 2.340991e-09
(C8H18) 1000-6000K 1163.833 4.026376 -0.001421259 2.269296e-07 -1.348804e-11
Nitrogen 0300-1000K 979.043 0.4179639 - 0.001176279 1.674393e-06 -7.256297e-10
(N2) 1000-5000K 868.6229 0.4416295 -0.000168723 2.996787e-08 -2.004386e-12
Oxygen 0300-1000K 834.8265 0.292958 -0.0001495637 3.413885e-07 -2.278359e-10
(O2) 1000-5000K 960.7523 0.1594126 -3.270885e-05 4.612765e-09 -2.952832e-09
air-fuel 0300-1000K 934.2433 0.473333 -0.00092 1.29e-06 -5.73e-10
mixture 1000-5000K 892.5686 0.442657 -1.61e-04 2.8e-08 -1.84e-12
The heat transfer effects due to chemical reactions (Sh,chem) can be determined by
applying Eq. (3.88)
Sh,chem = ρScHcombYfuel (3.88)
where Sc is defined as the normalised average rate of production formation (s−1). The
values for the input parameters of heat of combustion (Hcomb) and unburned fuel mass
fraction (Yfuel) were constant and specified to 4.4e+07 Jkg and 0.066 respectively. Moreover,
the combustion chamber wall temperatures were set to Tw=473.15K to simulate wall
cooling effects in the near-wall region.
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Flame quenching
This section describes the principle of flame quenching in the near-wall region of combus-
tion chamber walls, which is schematically illustrated in Fig. 3.9.
Fig. 3.9 Schematic illustration of flame quenching in the near-wall region [242]
The quenching distance is defined as δQ and the characteristic wall distance is denoted as
δinf . The flames can be treated as a heat source due to their much higher temperature in
comparison to the walls which can be considered as a heat sink. The flame is quenched
just as the heat transfer between the flames and the walls occurs. Flame quenching results
in an incomplete combustion of the air-fuel mixture in front of the flame. This, in turn,
might increase detrimental carbon dioxide emissions. The relation for the heat transfer
within the flame quenching can be analysed using the Péclet number for a two-plate
setup as expressed in Eq. (3.89)
Pe = ρu Ul cp,f (Tf − Tu)
kf (Tf − Tu)/dq =
ρu Ul cp,fdq
kf
(3.89)
in which ρ and Ul are denoted as the density and the laminar flame speed. The specific
heat at constant pressure, temperature and thermal conductivity are defined as cp, T and
k respectively. The subscripts u and f indicate the unburned and flame states whereas
dq represents the two-plate quench gap.
According to Heywood (1988) [240], turbulent flames should not enter a gap size below
0.2mm (200µm). Hence, the radial clearance was set to 75µm and 50µm in the CFD
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models for variable wall thickness scroll expanders. Besides, the wall temperature Tw of
the fixed and orbiting scroll was specified to 473.15K to quench the flame along those gaps.
However, it is not clear whether these Péclet number correlations consider the impact of
high speed leakages on the turbulent flame propagation through radial clearance equal
to or less than 200µm.
Further numerical schemes
As presented in Section 3.2.1, the computational grid for the variable wall thickness scroll
expander with radial clearance of 75µm was chosen to conduct three-dimensional and
transient CFD simulations of the combustion process of the spark-ignition scroll engine.
The dynamic mesh technology was employed to generate the eccentric movement of the
orbiting scroll. Similar to the CFD model for the small scale ORC scroll expanders, the
RNG k-ϵ turbulence model was used to model complex flows, such as strained and swirling
flows, as in the present case. The energy equation was applied in combination with the
continuity and Navier-Stokes equations to investigate the temperature fields in the scroll
expander working chambers. The PISO-Algorithm was employed to solve the Navier-
Stokes equations by determining the pressure from the coupled system of continuity
and momentum equations with the help of a pressure correction. The Green-Gauss
Node-Based method was applied for the computation of the gradients of any given scalar
at the centre of each cell. The PRESTO scheme was applied for the interpolation of the
pressure values because the computational domain includes extreme curvatures, rotating
flows, large pressure and velocity fluctuations and high velocity gradients. First-order
upwind schemes were applied for the spatial discretisation of the density, momentum
and energy equations respectively. The first-order upwind schemes were also enabled
for the turbulence equations. The first-order implicit unsteady formulation was utilised
to run the transient CFD simulations with the pressure-based solver. The time step
of △t=2x10−5s was specified to achieve convergence and obtain accurate solutions for
the expansion modelling of the unburned premixed air-fuel mixture. The time step
was decreased to △t=2.5x10−6s to achieve convergence for the combustion modelling
when the spark plugs were activated. No-slip boundary conditions were applied to the
corresponding walls of the domain. The first cell was resolved in the fully turbulent flow
region with the help of standard wall functions.
Chapter 4
Verification and validation of CFD
simulations
This chapter focuses on the verification and validation of the developed CFD model for
variable wall thickness scroll expanders. It includes time step, grid and turbulence model
sensitivity tests and the comparison with experimental data. Convergence is evaluated
employing an overall energy balance. The CFD model used the variable wall thickness
scroll expander geometrical model with a built-in volume ratio of 4.5 as introduced
in Section 3.1.1. The radial clearance was set to 200µm. There is no experimental
research available for variable wall thickness scroll expanders and no three-dimensional
and transient CFD studies can be found in the literature. Hence, the predicted CFD
results are compared with numerical and experimental findings obtained from the constant
wall thickness scroll expander of Wei et al. (2015) [32]. The corresponding operating
conditions are specified by pressure ratio, total inlet temperature and rotational speed.
The applied pressure ratio ranged from 2.50 to 2.74 and the total inlet temperatures
from 405K to 454K respectively. Whereas the rotational speed was varied from 1820rpm
to 2520rpm.
4.1 CFD model verification
The operating conditions for the CFD model verification in terms of time step, grid and
turbulence model sensitivity analysis are listed in Table 4.1.
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Table 4.1 Operating conditions for the CFD model verification
Total inlet Total inlet Outlet static Pressure Rotational Working
temperature pressure pressure ratio speed fluid
(K) (MPa) (MPa) (-) (rpm) (-)
405 1.100 0.440 2.50 2000 R123
4.1.1 Time step sensitivity study
The time step sensitivity study was carried out for two different time steps of∆t=2.5x10−5s
and ∆t=5.0x10−5s to verify the accuracy of the CFD predictions. It can be determined
from Table 4.2, that the mass flow rate changed by 2% for the reduced time step. The
torque, power output and isentropic efficiency were constant to within 0.3% in each
case. These differences were considered negligible. Consequently, the larger time step
of ∆t=5.0x10−5s was specified for further CFD simulations to achieve convergence and
obtain accurate solutions within a reduced computational time. This corresponds to
one-six-hundredth of a scroll revolution for the rotational speed of 2000rpm.
Table 4.2 Sensitivity study with time step variation
Time Mass flow Torque Power Isentropic
step (s) rate (kg/s) (Nm) output (W) efficiency (%)
∆t=5.0x10−5s 0.0478 1.269 265.84 33.36
∆t=2.5x10−5s 0.0488 1.273 266.60 33.07
4.1.2 Grid sensitivity analysis
Grid sensitivity analysis was conducted to examine the accuracy of the CFD solutions
and the results are illustrated in Table 4.3. These grids were generated as described
and illustrated in Section 3.2.1. It can be observed that the refinement of the grid
resulted in less than 2% change in torque and power output. The mass flow rate and
isentropic efficiency were constant to within 1.4% and 0.8% respectively. This level of grid
convergence was considered acceptable for the present study. Considering, in particular,
the CPU-time, the grid with 685k cells was chosen to carry out further CFD simulations.
No grid sensitivity analysis was performed for the variable wall thickness scroll expander
with radial clearance of 75µm in addition to the decreasing and constant wall thickness
scroll expanders with radial clearance of 200µm respectively. The underlying reason is
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that these grids were generated, following the same computational grid approach as for
the variable wall thickness scroll expander with radial clearance of 200µm.
Table 4.3 Grid sensitivity analysis
Number Number Mass flow Torque Power Isentropic
of nodes (-) of cells (-) rate (kg/s) (Nm) output (W) efficiency (%)
372k 458k 0.0485 1.280 268.11 33.30
496k 685k 0.0478 1.269 265.84 33.36
794k 1227k 0.0482 1.295 271.16 34.07
4.1.3 Turbulence model sensitivity test
Table 4.4 shows the effects of different turbulence models on the expander performance.
Table 4.4 Influence of different turbulence models on the performance
Turbulence Mass flow Torque Power Isentropic
model rate (kg/s) (Nm) output (W) efficiency (%)
k-ϵ 0.0476 1.266 265.10 33.57
RNG k-ϵ 0.0478 1.269 265.84 33.36
The RNG k-ϵ model predicted a slightly higher average mass flow rate, torque and power
output in comparison to the standard k-ϵ model. The isentropic efficiency was constant
to within 0.2%. However, the differences were considered negligible. In other words,
the turbulence sensitivity tests show that the CFD model was robust against different
turbulence models. Hence, the RNG k-ϵ model was chosen for further investigations for
consistency with earlier studies [32]. In addition, according to reference [226], a wider
range of turbulent length scales can be captured in comparison to the standard-k-ϵ model.
Its accuracy and reliability make it more suitable for rotating swirling flows as in the
present case.
4.1.4 Overall energy balance and static pressure monitoring
points
The overall energy balance is examined in the subsequent section to judge convergence.
The description of the overall energy balance can be found in Section 3.2.8. The
examination also includes the transient static pressure monitored at four different points
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over four revolutions of the orbiting scroll. Instantaneous mass flow rates at the scroll
expander inlet and outlet are investigated in addition. Table 4.5 contains the necessary
number of revolutions of the orbiting scroll to satisfy the overall energy balance for
increasing pressure ratio at a rotational speed of n=3000rpm. The boundary conditions
associated to the pressure ratio can be determined from Table 5.1 in subsection 5.1.1.
33 revolutions of the orbiting scroll were necessary to achieve a converged solution at
the pressure ratio of 2.5. It can be seen that the essential number of orbiting scroll
revolutions increased up to 63 for the scroll expander operated at the pressure ratio
of 4.5. In other words, the solution of the flow field did not change any more after 63
revolutions of the moving scroll. The overall energy balance was always satisfied by the
solution to an accuracy level of 1%. This energy balance convergence was considered
acceptable for the present study.
Table 4.5 Overall energy balance and conservation of mass
Pressure Number of Overall energy m˙in m˙out Ratio of inlet to outlet
ratio (-) revolutions (-) balance (-) (kg/s) (kg/s) mass flow rate (-)
2.50 33 0.99 0.0371 0.0371 1.00
3.50 53 1.01 0.0530 0.0530 1.00
4.50 63 1.01 0.0704 0.0704 1.00
5.50 59 1.00 0.0895 0.0895 1.00
The ratio of the averaged mass flow rate at the scroll expander inlet to that at the scroll
expander outlet should also be equal to unity when the continuity equation is satisfied
by the solution. The averaged mass flow rates (m˙) were determined by integrating the
instantaneous mass flow rates (m˙) over time (t) as defined in Eq. (4.1)
m˙ = 1
T
∫ t+T
t
m˙dt (4.1)
where T describes the time period. It can be stated that the continuity equation was
satisfied to an accuracy level of 0.02% for each pressure ratio.
Fig. 4.1 illustrates the instantaneous mass flow rates at the scroll expander inlet and
outlet over four revolutions of the orbiting scroll at a pressure ratio of 4.5 and for a fixed
rotational speed of n=3000rpm. It can be seen that the instantaneous mass flow rates
had a periodic distribution in both cases. The instantaneous mass flow rate at the scroll
expander inlet increased until the peak is reached at the maximum suction volume. It
subsequently decreased due to the blocking effect of the scroll tip of the orbiting scroll. It
can be also noted that the instantaneous mass flow rate at the inlet further decreased to
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its minimum once the suction port was fully closed. The instantaneous mass flow rate at
the scroll expander outlet increased after the discharge process started. It finally reached
its peak value when the discharge port was fully opened. There was a steady decline in
the mass flow rate immediately afterwards due to the full connection of the discharge
chambers with the outlet chamber. The periodic distribution and the conservation of
mass convergence was considered acceptable for the present study.
Fig. 4.1 Instantaneous mass flow rates at the scroll expander inlet and outlet
Fig. 4.2 Instantaneous specific total enthalpy distributions at the expander inlet and outlet
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Fig. 4.2 shows the corresponding instantaneous specific total enthalpy (ht) distributions
at the scroll expander inlet and outlet over four revolutions of the orbiting scroll. It
should be stated that the specific total enthalpy at the scroll expander inlet was almost
constant due to the continuous energy supply defined by the inlet boundary condition.
To further examine convergence and the flow field, the transient static pressure is
monitored at four different points (1-4) located near the inside wall of the fixed scroll as
depicted in Fig. 4.3. The four expansion chambers are specified as E1-E4 whereas the
two discharge chambers are defined as D1 and D2. The pressure ratio was equal to 4.5
and the rotational speed was fixed at n=3000rpm.
(a) t/T=0 (b) t/T=0.35 (c) t/T=0.80
Fig. 4.3 Coordinates of static pressure monitoring points at three different time steps
Fig. 4.4 Static pressure history in monitoring points over four revolutions of the orbiting scroll
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Starting from the fully closed suction port condition (t/T=0), Fig. 4.4 shows the static
pressure distributions in those monitoring points over four revolutions of the orbiting scroll.
A periodic pattern for the transient static pressure distributions in those monitoring
points can be determined. The monitoring points 1 and 2 were both located in expansion
chamber E1 when the suction port was fully closed at t/T=0. The transient static
pressure decreased due to the expansion process of the working fluid as the orbiting scroll
rotated. It can be determined from Fig. 4.4 that the static pressure dropped significantly
when the monitoring points 1 (at t/T=0.35) and 2 (at t/T=0.75) were located in the
region of the minimum radial clearance of the fixed and orbiting scrolls. The high speed
flank leakages flowing through these tiny gaps, connecting suction and expansion chamber
E1 as well as expansion chamber E1 and discharge chamber D2, caused these significant
pressure drops. The static pressures recovered afterwards as point 1 was located inside
the suction chamber and point 2 was not longer in the minimum radial clearance region.
Fig. 4.4 also reveals similar findings for the transient static pressure at monitoring point
3 (at t/T=0.3) and 4 (at t/T=0.8) which were located in the discharge chamber D2 when
the suction port was fully closed. The static pressure dropped due to the location of point
3 in the minimum region of the radial clearance. In contrast to that in monitoring point
4 which was reduced as a result of the discharge process when the discharge chamber
was opened and the working fluid streamed towards the outlet pipe.
In summary, it can be concluded that the flow field was fully converged due to the
periodicity of the transient static pressure in these four monitoring points over four
revolutions of the orbiting scroll.
110 Verification and validation of CFD simulations
4.2 CFD model validation
The definition of gas forces and gas moments, acting on the orbiting scroll of a scroll
expander, are presented in the first sub-section, followed by the evaluation of tangential
force distribution in addition to average torque per average mass flow rate for different
pressure ratio to validate the CFD model for the variable wall thickness scroll expander.
4.2.1 Definition of gas forces and moments acting on the orbit-
ing scroll of a scroll expander
Fig. 4.5 visualises the gas forces and moments acting on the orbiting scroll of a scroll
expander.
Fig. 4.5 Gas forces and moments acting on a scroll expander [33]
The tangential (Ft) and radial (Fr) forces are defined as expressed in Eq. (4.2) and Eq.
(4.3).
Ft =
n∑
i=1
(Fy,icos(ωt)− Fx,isin(ωt)) (4.2)
Fr =
n∑
i=1
(Fy,isin(ωt) + Fx,icos(ωt)) (4.3)
where Fx,i and Fy,i are the x- and y-components of the corresponding gas forces as
depicted in Fig. 4.5. The angular velocity is specified as ω whereas the variable i is
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denoted as the orbiting scroll surface element. The variable n represents the total number
of the orbiting scroll surface elements. In other words, the gas forces are time dependent
in addition to the dependency in terms of their position on the orbiting scroll surface. The
average gas force acting on the surface of the orbiting scroll plate (Fa) can be determined
with the help of Eq. (4.4)
Fa =
n∑
i=1
Fz,i (4.4)
in which Fz,i are the associated z-components in the axial direction. The associated gas
moments acting on the orbiting scroll are derived from the gas forces. The tangential
(Mt), spin (Ms) and overturning (Mo) moments read as follows
Mt = r0
n∑
i=1
Ft,i (4.5)
Ms =
1
2Mt (4.6)
M0 =
(
1
2h+ h
′
)
√√√√( n∑
i=1
Ft,i
)2
+
(
n∑
i=1
Fr,i
)2 (4.7)
where r0 specifies the orbiting radius, h the scroll height and h
′ defines the lever arm
between scroll chamber bottom plate and crank pin. The tangential and radial forces act
in the normal and radial direction in relation to the orbiting radius. It can be noted that
the tangential force generates the scroll expander torque specifying the mechanical power
output of the scroll expander. The radial (Fr) and axial (Fa) gas forces along with the
spin (Ms) and overturning moments (M0) might contribute to mechanical friction and
leakage losses diminishing the scroll expander efficiency.
4.2.2 Tangential force distribution and torque per mass flow
rate for different pressure ratio
The tangential forces (Ft) exerted on the orbiting scroll of the variable wall thickness
scroll expander were determined using Eq. (4.2). The averaged tangential force exerted
on the orbiting scroll (Ft) was obtained by integrating the instantaneous tangential forces
over time (t) as defined in Eq. (4.8)
Ft =
1
T
∫ t+T
t
Ft dt (4.8)
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The CFD results (blue curve) are plotted over four revolutions of the orbiting scroll as
illustrated in Fig. 4.6. The plot also includes a comparison against Wei et al.’s CFD
results for their constant wall thickness scroll expander (red curve [32] ) at the same
pressure ratio of 2.5 as listed in Table 4.1.
Fig. 4.6 Tangential force distribution over four revolutions of the orbiting scroll
It can be determined from Fig. 4.6 that the tangential force acting on the orbiting scroll
was lowest once the suction port was fully closed in both cases. The highest tangential
force was generated when the maximum suction chamber volume was reached. The
figure also shows that the tangential force for the variable wall thickness scroll expander
design steadily decreased after it reached its peak. It then dropped sharply with the
closure of the suction port. This contrasts with the tangential forces for the constant
wall thickness design which plateaued before a sharp drop with the closure of the suction
port. In addition, the tangential force distribution was smoother and included fewer
fluctuations for the constant wall thickness expander. All the aforementioned differences
can be associated with the operating mode of the two scroll expander geometries, their
different shapes, and their different scroll tip designs. The constant wall thickness design
was operated close to its optimum performance point. In comparison to the variable wall
thickness design in which an imbalance between pressure and built-in volume ratio existed
during the operation (2.5 vs. 4.5). The constant wall thickness design uses a perfect
meshing profile to generate its scroll tips whereas the variable wall thickness design uses
a dual arc tip design to close the scroll tips in the suction area. The comparison above
shows that the two designs have similar tangential force distributions and demonstrate
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consistency of present and previous modelling approaches.
There is no experimental data available for the scroll expander using variable wall
thicknesses. The predicted CFD results are therefore compared against the numerical
and experimental findings obtained from the constant wall thickness scroll expander
of Wei et al. (2015) [32]. In spite of the geometrical differences regarding their scroll
shapes due to varying wall thicknesses, the shape of their working chambers defining the
suction, expansion and discharge chambers are similar. This, in turn, makes the two
scroll geometries using constant and variable wall thickness comparable. The validation
of the CFD model was carried out on the basis of four different boundary conditions
which were used in the previous work and are listed in Table 4.6.
Table 4.6 Boundary conditions for the validation of the CFD simulations
Total inlet Total inlet Outlet static Pressure Rotational
temperature (K) pressure (MPa) pressure (MPa) ratio (-) speed (rpm)
428 1.066 0.389 2.74 1820
405 1.129 0.426 2.65 2000
443 0.961 0.365 2.63 2180
454 0.878 0.345 2.55 2520
The scroll expander torque generated by the gas forces was determined with the help of
Eq. (4.9).
τ⃗ = r⃗0 × (F⃗n + F⃗r) (4.9)
r⃗0 denotes the distance vector between the rotation axis and the force transmission point.
F⃗n and F⃗r are defined as the force vectors acting in the normal and radial direction in
relation to the distance vector respectively.
The scroll expander torque, produced at a specified rotational speed, mainly depends on
the displaced expander volume per revolution of the orbiting scroll. However, the variable
and constant wall thickness scroll expanders have different expander displacements due
to different scroll geometrical parameters such as built-in volume ratio, suction chamber
volume and others. For a fair performance comparison of the two scroll expanders, the
performance is evaluated and compared based on the Brake Mean Effective Pressure
(BMEP) which is used for engine development [240]. The work per engine cycle is defined
as the engine power delivered per cycle (P ) over the crankshaft rotational speed n
work per cycle = P · nR
n
(4.10)
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where nR denotes the number of crankshaft revolutions to complete one power stroke
in each cylinder. The Break Mean Effective Pressure can be determined by dividing
the average torque (τ) by the corresponding displaced cylinder volume (Vd) per cycle as
expressed in Eq. (4.11)
bmep(kPa) = P (kW ) · nR · 10
3
Vd(dm3) · n(rev/s) =
6.28 · nR · τ(Nm)
Vd(dm3)
(4.11)
The BMEP is valid for a large variety of different engine types and sizes [240]. The
generated torque of the two scroll expanders is therefore averaged over one revolution
of the orbiting scroll (τ) and divided by the associated averaged mass flow rate (m˙) as
shown in Eq. (4.12)
torque per mass flow rate = τ
m˙
(4.12)
Using the torque divided by mass flow rate, it is possible to compare the scroll expander
performances at different pressure ratio in terms of their torque and regardless of their
displacement. Fig. 4.7 illustrates the comparison of average torque per average mass
flow rate for different pressure ratio with Wei et al.’s experimental and CFD results. The
black and red curves in Fig. 4.7 represent the experimental and CFD results from Wei et
al. (2015) [32] respectively. The blue curve shows the CFD results for the variable wall
thickness design.
Fig. 4.7 Average torque per average mass flow rate at different pressure ratio
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It can be observed that the predicted average torques per average mass flow rates were
in the range of the constant wall thickness CFD and experimental results. The variable
wall thickness results laid between the results of Wei et al. (2015) [32] with the exception
of operation at a pressure ratio of 2.55. The different shapes of the curves were due
to the different shapes of the geometries (constant vs variable) and scroll tips (perfect
meshing profile vs dual arc tip design). More importantly, the two scroll expanders are
examined at different operating conditions due to their different built-in volume ratio.
The variable wall thickness design was operated at a pressure ratio being lower than the
built-in volume ratio whereas the constant wall thickness design was operated close to its
optimum performance point. Overall, the comparison shows a fairly accurate prediction
from the CFD model.
In conclusion, it can be stated that the CFD model for the variable wall thickness scroll
expander was successfully verified and validated. Minimal deviations resulted from time
step, grid and turbulence model sensitivity tests proving the CFD model assumptions.
The predicted CFD results for the tangential force distributions and the comparison of
average torque per average mass flow rate at different pressure ratio were consistent with
existing data.
4.3 Brief summary
• A CFD model for a small-scale ORC scroll expander using variable wall thicknesses
was developed. The model was characterised by a 3D domain and an unsteady
approach to capture the effects of the eccentric movement of the orbiting scroll on
the inner flow field. It utilised refrigerant R123 as the working fluid. Deviations
resulting from time step, grid and turbulence model sensitivity tests were small
giving confidence in the CFD model. The predicted CFD results for the tangential
force distributions and the comparison of average torque per average mass flow
rate at different pressure ratio were consistent with existing data. Hence, the
CFD model was verified and validated and the results were consistent with the
predictions of the thermodynamic theory of scroll expanders.

Chapter 5
CFD analysis of small scale ORC
scroll expanders with variable wall
thicknesses
The CFD results for variable wall thickness scroll expanders are analysed in this chapter.
This initially comprises the examination of scroll expander isentropic efficiency and power
output for increasing pressure ratio. The influence of increasing built-in volume ratios on
the performance is then considered. Further to this, the effects of radial clearance on
the scroll expander performance are investigated, with the help of a second-law analysis
and consideration of the impact of radial clearance on the flow parameters through those
gaps. The influence of variable wall thicknesses on the scroll expander aerodynamic
performance, in particular, on the total pressure field and pressure-volume diagram is
also analysed. Finally, the specific entropy generation and occurrence of secondary flows
during the discharge process are discussed.
5.1 Performance analysis of variable wall thickness
scroll expanders for small scale ORC systems
This section describes the influence of increasing pressure ratio on the variable wall
thickness scroll expander performance in terms of isentropic efficiency and power output
for different rotational speeds. The performance of decreasing and variable wall thickness
scroll expanders is compared in addition to examine the impact of increasing built-in
volume ratios on the expander performances.
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5.1.1 Influence of increasing pressure ratio on the scroll ex-
pander performance for different rotational speeds
In order to find the optimum performance point of the scroll expander, isentropic efficiency
and power output investigations were carried out for increasing pressure ratio in the
range from 2.5 up to 5.5 as listed in Table 5.1. The pressure ratio was increased by
increasing the inlet pressure from 0.825MPa up to 1.815MPa, whereas the outlet static
pressure of 0.33MPa was kept constant. The total inlet temperature was specified as
425K in each case. These boundary conditions were chosen to avoid phase changes in the
working fluid during the expansion process [243]. Hence, the calculations were performed
for the refrigerant R123 being always in the vapour phase. The rotational speed was
varied in the range 2000rpm to 3000rpm and the investigations were performed for the
variable wall thickness scroll expander as presented in Section 3.1.1. The radial clearance
was set to 200µm and the grid was generated as described and illustrated in Section
3.2.1.
Table 5.1 Operating conditions for the CFD studies with increasing pressure ratio
Total inlet Total inlet Outlet static Pressure Rotational
temperature (K) pressure (MPa) pressure (MPa) ratio (-) speed (rpm)
425 0.825 0.330 2.50 2000 and 3000
425 1.155 0.330 3.50 2000 and 3000
425 1.485 0.330 4.50 2000 and 3000
425 1.815 0.330 5.50 2000 and 3000
Fig. 5.1 shows an axial turbine map from BorgWarner [244]. Turbines are commonly
known as expansion machines because they expand a working fluid from high pressure at
the turbine inlet to low pressure at the turbine outlet. Hence, the turbine map is used
as a benchmark for the development of the scroll expander map based on the boundary
conditions above. The red curves represent the actual efficiency lines of the turbine
and the green curves define the corrected mass flow rates of the turbine which can be
expressed as
corrected mass flow rate = m˙T
√
T3t
P3t
=
[
kg · √K
s · bar
]
(5.1)
where P3t and T3t define the total pressure and total temperature at the turbine inlet.
The associated corrected rotational speeds of the turbine were equal to that of the
mechanically connected compressor of their turbocharger. The corrected rotational speed
is specified as
corrected rotational speed =
n ·
√
T3t,ref
T3t
min−1
(5.2)
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where T3t,ref represents the total reference temperature of 873K at the turbine inlet. The
actual efficiency and corrected mass flow rate curves are plotted against the applied
turbine pressure ratio which can be determined by dividing the total pressure at the
turbine inlet by the static pressure at the turbine outlet.
Fig. 5.1 Axial turbine map from Borg Warner as a benchmark [244]
It can be noted that the operating characteristics of scroll expanders can be determined
by creating expander performance maps following the idea of a turbine map. However,
the creation of an entire scroll expander map would require considerable computational
effort with 40 to 50 operating points needed to complete the entire map. Hence, the
performance map for the variable wall thickness scroll expander was created by including
8 essential performance points. The isentropic efficiencies and the corrected mass flow
rates were plotted against four applied pressure ratio and for two different rotational
speeds respectively. The rotational speeds were not corrected because T3t was constant
for each case.
Fig. 5.2 illustrates the influence of increasing pressure ratio on the isentropic efficiency of
the variable wall thickness scroll expander for two different rotational speeds. It can be
noticed that the isentropic efficiency curve reached the maximum at a pressure ratio of
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3.5 for each rotational speed. The underlying assumptions and estimates of an adiabatic
system, besides the neglect of axial clearance and mechanical friction losses, narrowed
down the internal losses during the scroll expander operation. The influence of over- and
under-expansion losses, internal flank leakages through radial clearance, fluid friction
and pressure losses during the working, and in particular during the suction process,
was reduced for the expander performance at the ideal pressure ratio of 3.5. Isentropic
efficiencies of 31.94% and 37.91% were calculated for the rotational speeds of n=2000
and n=3000 respectively because there was a shift towards higher isentropic efficiencies
for increasing rotational speeds. The shape of the curves was very similar which suggests
that the inefficiencies were caused by flank leakages. It should be stated that the low
level of efficiency was caused by the large radial clearance of 200µm to balance between
computational time and accuracy of the numerical results.
Fig. 5.2 Influence of increasing pressure ratio on the isentropic efficiency for two rotational
speeds
Fig. 5.3 shows the influence of increasing pressure ratio on the corrected mass flow rates
of the variable wall thickness scroll expander for two different rotational speeds. It can
be determined from Fig. 5.3 that the corrected mass flow rates increased for increasing
pressure ratio in each case, as expected for unchoked steady flow and as observed for the
turbine in Fig. 5.1. It can be also seen that higher rotational speeds generated a higher
mass flow rate which in turn reduced the flow through time. The flank leakages were
therefore also reduced, which was consistent with the increased isentropic efficiency.
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Fig. 5.3 Influence of increasing pressure ratio on the corrected mass flow rate for two different
rotational speeds
Fig. 5.4 depicts the influence of increasing pressure ratio on average torque per average
mass flow rate for two different rotational speeds.
Fig. 5.4 Influence of increasing pressure ratio on average torque per average mass flow rate for
two different rotational speeds
It can be observed that the average torque per average mass flow rate increased for
increasing pressure ratio, as expected. Also as expected, the curves reached a plateau.
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The values of 37.14Js/kg (2000rpm) and 29.70Js/kg (3000rpm) were generated at the
pressure ratio of 3.5 which was the optimum efficiency point. The variable wall thickness
scroll expander produced the highest average torque per average mass flow rate of
40.99Js/kg and 33.72Js/kg at the highest pressure ratio of 5.5 for rotational speeds of
n=2000 and n=3000 respectively.
5.1.2 Influence of the built-in volume ratio on the performance
The following section considers the performance of two scroll expanders characterised by
different built-in volume ratios and examines the impact of the latter on the performance.
The decreasing wall thickness scroll expander has a built-in volume ratio of 2.4 whereas
the variable wall thickness scroll expander has a built-in volume ratio of 4.5 as described
in Section 3.1.1 and 3.1.3 and as shown in Fig. 3.3. The radial clearance was set to
200µm in both CFD models and the corresponding grids were generated as described
and illustrated in Section 3.2.1. The CFD simulations for the decreasing wall thickness
scroll expander were conducted based on the boundary conditions included in Table 5.2.
The operating conditions for the CFD simulations of the variable wall thickness scroll
expander can be found in Table 5.1 in Section 5.1.1.
Table 5.2 Boundary conditions for the CFD simulations of the decreasing wall thickness expander
Total inlet Total inlet Outlet static Pressure
temperature (K) pressure (MPa) pressure (MPa) ratio (-)
425 0.660 0.330 2.00
425 0.825 0.330 2.50
425 0.990 0.330 3.00
425 1.155 0.330 3.50
Fig. 5.5 depicts the influence of the built-in volume ratio on the isentropic efficiency
curves of the two scroll expanders with different wall thicknesses. It can be seen that the
isentropic efficiency increased until it reached its optimum performance point at a pressure
ratio close to the built-in volume ratio in each case. However, the maximum isentropic
efficiency for the variable wall thickness scroll expander (31.94%) was marginally lower
than that of the decreasing wall thickness scroll expander (33.07%). This might be due
to the operation at lower pressure ratio, which is associated with lower internal leakages.
Fig. 5.5 also reveals how the isentropic efficiency decreased significantly for pressure ratio
higher than that at the peak isentropic efficiency. These results confirm the findings of
the literature review for constant wall thickness scroll expanders as presented in Chapter
2. As expected, high built-in volume ratios are also necessary for the efficient operation
of variable wall thickness scroll expanders at high pressure ratio.
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Fig. 5.5 Influence of the built-in volume ratio on the isentropic efficiency
The corresponding corrected mass flow rates are plotted against increasing pressure ratio
for the variable and decreasing wall thickness scroll expander designs in Fig. 5.6.
Fig. 5.6 Influence of the built-in volume ratio on the corrected mass flow rate
They increased for increasing pressure ratio. Besides, the corrected mass flow rates for
the decreasing wall thickness scroll expander were much higher than that for the variable
wall thickness design which has a higher built-in volume ratio. The suction chamber
volume is larger for the decreasing wall thickness design which in turn generated a higher
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mass flow rate through the system. The power output was also increased as discussed in
the next section.
Fig. 5.7 reveals the influence of increasing pressure ratio on the power output of scroll
expanders with built-in volume ratios of 2.4 and 4.5. As expected, the power output
increased with increasing pressure ratio. The pressure ratio was increased by raising
the inlet pressure which resulted in a higher mass flow rate through the scroll expander
due to the higher inlet density. The generated power output for the decreasing and
variable wall thickness scroll expanders was in the range of 192.9kW to 552.7kW and
201.9kW to 708.0kW respectively. The comparison of the generated power output shows
that the decreasing wall thickness scroll expander produced a much higher power output
at the same pressure ratio. Specifically 311.7kW (PR=2.5) and 552.7kW (PR=3.5)
in contrast to 201.9kW and 374.2kW generated by the variable wall thickness scroll
expander. Compared to the variable wall thickness design, the decreasing wall thickness
scroll expander has a bigger scroll height and a larger suction chamber volume along with
a larger orbiting radius. Hence, the higher suction chamber volume enabled a higher
mass flow rate through the expander which resulted in increased power output.
Fig. 5.7 Influence of the built-in volume ratio on the power output
In conclusion, it can be said, that the built-in volume ratio in variable wall thickness
scroll expanders should be increased by increasing the suction chamber volume. Large
suction chamber volumes enable a higher mass flow rate through the scroll expander
which is beneficial for the power output.
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5.2 Effects of radial clearance on the scroll expander
performance
The effects of radial clearance on the performance of a scroll expander with variable
wall thicknesses are investigated in the following section. Isentropic efficiency and power
output for increasing pressure ratio are examined first, followed by a second-law analysis
to assess the expander performance concerning the exergy utilisation. The impact of
radial clearance on the aerodynamic performance, in particular the flow parameters
through those gaps, is finally discussed.
5.2.1 Isentropic efficiency and power output
To investigate the effects of radial clearance on the scroll expander performance, the
isentropic efficiency and power output were calculated for increasing pressure ratio in the
range from 2.5 up to 5.5 as listed in Table 5.3.
Table 5.3 Operating conditions for the CFD simulations using a radial clearance of 75µm
Pressure Total inlet ηis Power m˙
ratio (-) pressure (MPa) (%) output (W) (kg/s)
2.50 0.825 53.44 177.17 0.0175
3.50 1.155 53.92 343.51 0.0260
4.00 1.320 53.00 427.71 0.0303
4.50 1.485 52.50 511.98 0.0348
5.00 1.650 51.49 596.77 0.0396
5.50 1.815 50.47 682.67 0.0448
The pressure ratio was increased by increasing the inlet pressure whereas the outlet
static pressure of 0.33MPa was kept constant. The investigations were performed for
two different radial clearances of 200µm and 75µm. The CFD models used the variable
wall thickness scroll expander geometrical model as introduced in Section 3.1.1. The
associated grids were created as described and illustrated in Section 3.2.1. Fig. 5.8
illustrates the isentropic efficiency variation with pressure ratio for radial clearances of
200µm and 75µm. It can be seen that the isentropic efficiency increased for increasing
pressure ratio until the optimum performance point was reached at a pressure ratio of
3.5 in each case. It is well known that the operation of scroll expanders in the over-
expansion mode is more detrimental to performance than that in the under-expansion
mode [45, 125]. In the current case, however, the isentropic efficiencies predicted for the
pressure ratio in the range of 4.0 and 5.5 are lower than those at the pressure ratio of
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2.5 and 3.5. These trends are attributable to the assumptions being made. Specifically,
actual and ideal processes were assumed to be adiabatic and mechanical friction losses
were excluded. In addition, radial leakage through the axial clearance was neglected in
the CFD model assumptions. Besides, the imbalance of pressure and built-in volume
ratio, the flank leakage through the radial clearance was, therefore, the main factor
contributing to the internal thermodynamic losses during the scroll expander working
process. The conversion of kinetic energy into enthalpy due to fluid friction resulted in
energy dissipation, contributing to the internal flow losses, in addition.
Fig. 5.8 Influence of increasing pressure ratio on the isentropic efficiency for different radial
clearances
Furthermore, the investigations of the impact of radial clearance on the expander perfor-
mance reveal a much higher isentropic efficiency for the lower radial clearance of 75µm.
The isentropic efficiency values differ by almost 22% for the two clearances in each case
as shown in Table 5.4.
Table 5.4 Influence of varying radial clearance on the isentropic efficiency
Pressure 200µm 75µm Isentropic efficiency
Ratio (-) (µm) (µm) deviation (%)
2.50 31.52 53.44 21.92
3.50 31.94 53.92 21.98
4.50 30.47 52.50 22.03
5.50 28.62 50.47 21.85
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Fig. 5.9 depicts how increasing mass flow rates generated higher power outputs in both
cases. The power output for the radial clearance of 75µm increased from 177.17W up
to 682.67W whereas the power output for the radial clearance of 200µm increased from
201.85W up to 707.99W for the pressure ratio range of 2.5 to 5.5 in each case. This will
be discussed further in the next section. It can be also noted that the mass flow rates
were almost halved due to less internal flank leakage for smaller radial clearance. In
other words, higher radial clearance led to higher mass flow rates which generated higher
gas forces in spite of lower isentropic efficiency.
Fig. 5.9 Power output for increasing mass flow rate at two radial clearances of 200µm and 75µm
5.2.2 Second-law analysis
Second-law analysis for scroll expanders was carried out to qualitatively and quantitatively
assess the scroll expander performance with regard to the exergy utilisation. Exergy
is defined as the maximum amount of energy provided by a system at a specified
environmental condition (dead state: T0 = 298.15K and p0 = 0.1MPa). Hence, the ratio
between the exergy recovered by the scroll expander system and the exergy supplied
to the scroll expander system, along with the destroyed exergy, can be examined. The
exergy (ψi) contained in fluid flow at a specified state i can be expressed as
ψi = (ht,i − ht,0)− T0(si − s0) + gzi (5.3)
where ht,i and ht,0 define the specific total enthalpies at the specified state (i) and at the
dead state (0) respectively. The specific entropies at i and 0 are presented by si and s0.
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T0 is set as the dead state temperature and gzi as the potential energy at the state i
accordingly. Considering the change from the initial state (1) to the final state (2) after
the scroll expander working process has taken place, the exergy change (∆ψ) of a fluid
flow during that process is defined as follows
∆ψ = ψ1 − ψ2 = (ht,1 − ht,2)− T0(s1 − s2) + g(z1 − z2) (5.4)
The second-law efficiency (ηII) of the scroll expander can be subsequently defined as the
ratio between the actual power output (W˙h) and the reversible power output (W˙rev,out).
The former is equal to the exergy recovered by the scroll expander system and the latter
is defined as the greatest possible power output of the scroll expander system.
ηII =
W˙h
W˙rev,out
=
∫ t2
t1 (m˙1 · ht,1)dt−
∫ t2
t1 (m˙2 · ht,2)dt∫ t2
t1 (m˙1 · ψ1)dt−
∫ t2
t1 (m˙2 · ψ2)dt
(5.5)
The mass flow rates at the initial and final state are specified as m˙1 and m˙2 in Eq. (5.5).
Eq. (5.6) reveals the destroyed exergy
X˙ = W˙rev,out − W˙h (5.6)
which can be determined by subtracting the actual power output (W˙h) from the reversible
power output (W˙rev,out). The bar chart in Fig. 5.10 contains the results of part I of the
second-law analysis for three pressure ratio at two radial clearances of 200µm and 75µm.
Fig. 5.10 Second-law analysis for increasing pressure ratio at two radial clearances - part I
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The exergy at the scroll expander inlets for the two clearances was identical for the
pressure ratios 2.5, 3.5 and 4.5 since the applied boundary conditions were the same. It
should be also noted that the potential energies were neglected. The exergy changed by
15.1kJ/kg, 19.9kJ/kg and 22.6kJ/kg for increasing pressure ratio applied to the scroll
expander using radial clearance of 200µm in comparison to 16.4kJ/kg, 21.7kJ/kg and
24.9kJ/kg for the scroll expander with radial clearance of 75µm as shown in Fig. 5.10.
Consequently, the exergy change from the initial to the final stage of the scroll expander
working process was higher in the scroll expander with lower radial clearance. More
exergy was converted at each pressure ratio.
The evaluation of the second-law efficiency of the two scroll expanders reveals that
60.64%, 60.03% and 61.72% (200µm) as well as 38.71%, 38.66% and 39.64% (75µm) of
the work potentials were destroyed during the scroll expander working process at each
pressure ratio respectively. The irreversibility in association with internal leakages and
dissipation of kinetic energy (gas friction) led to these increasing losses. Or in other
words, 39.36%, 39.97% and 38.28% (200µm) and 61.29%, 61.34% and 60.36% (75µm) of
the available work was converted by the two scroll expanders in each case. These findings
are in accordance with the isentropic efficiency evaluation in Section 5.2.1. It turned out
clearly that the internal losses were reduced to a minimum at the pressure ratio of 3.5.
The bar chart in Fig. 5.11 contains the results of part II of the second-law analysis for
three pressure ratio at radial clearances of 200µm and 75µm.
Fig. 5.11 Second-law analysis for increasing pressure ratio at two radial clearances - part II
It can be seen that the scroll expander with a higher radial clearance generated a higher
power output for all pressure ratio compared to the scroll machine with the lower radial
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clearance of 75µm. Comparing the expander performances at the optimum performance
point, power outputs of 373.6W (200µm) and 342.5W (75µm) were produced. Or, seen
from another perspective, the destroyed exergy was 215.9W for the scroll expander using
radial clearance of 75µm and 561.2W for the scroll expander with radial clearance of
200µm.
As a result, it can be concluded that the decrease of the radial clearance from 200µm to
75µm decreased the actual power output of the scroll expander but with the advantage
of a much higher second-law efficiency. Much less exergy was destroyed during the scroll
expander working process.
5.2.3 Static pressure distribution on the surface of the fixed
scroll
The static pressure distribution along the surface of the fixed scroll for two radial
clearances of 200µm and 75µm and at four orbiting angles is examined in this section.
Specifically at the beginning of the suction process when the orbiting angle was equal to
0◦ and 5ms after the suction process was started (60◦). In addition to the time when the
suction port was fully closed (144◦) and at the time when the highest static pressure drop
occurred through the local radial clearance connecting suction and expansion chamber E2
(264◦). The static pressure distribution along the surface of the fixed scroll at the orbiting
angle of 0◦ is depicted in Fig. 5.12a. It is possible to examine pressure variations during
the working process and to detect and locate internal pressure losses. High losses in total
pressure are also an indicator for flank leakage flows through the radial clearance. Fig.
5.12b shows the corresponding static pressure distribution in the mid axial xy-plane (at
z=10mm) at the orbiting angle of 0◦. It also includes ten points (1-10) along the surface
of the fixed scroll to indicate at different positions on the x-axis. Point 1 represents
the position on the inside wall of the fixed scroll in the suction chamber. Points 2-6
are located on the outside wall of the fixed scroll. Points 7-10 are located along the
inside wall of the fixed scroll. E1-E4 specify the expansion chambers of the variable wall
thickness scroll expander whereas D1 and D2 define the two discharge chambers. The
static pressure distribution is evaluated at the operating pressure ratio of 3.5.
Orbiting angle of 0◦
Fig. 5.13 presents the static pressure distribution along the surface of the fixed scroll as
a function of the x-axis for two radial clearances at an orbiting angle of 0◦. The suction
process has just started and four expansion chambers were formed.
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(a) Static pressure distribution along the surface of the fixed scroll
(b) Static pressure distribution in the mid axial xy-plane (at z=10mm)
Fig. 5.12 Static pressure distribution along the surface of the fixed scroll and in the mid axial
xy-plane (at z=10mm) at the orbiting angle of 0◦
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Fig. 5.13 Static pressure distribution along the surface of the fixed scroll for radial clearances
of 200µm and 75µm at the orbiting angle of 0◦
It can be determined from Fig. 5.13 that the static pressure was almost halved as a result
of the expansion process between the two expansion chambers E1 and E3 in the scroll
expander with radial clearance of 75µm. It can be also seen that the highest pressure
drop occurred through the local radial clearance connecting expansion chambers E1 and
E3 (10-9). The static pressure decreased by 80% before it recovered to 55% of the static
pressure at the scroll expander inlet. The second highest static pressure drop occurred
between the expansion chambers E2 and E4 (2-3). The static pressure was halved as a
result of the expansion process of the working fluid.
Moreover, the static pressure also dropped through the local radial clearance connecting
the suction with the two expansion chambers E1 and E2. It can be stated that the lower
radial clearance of 75µm maintained the static pressure in the suction chamber at almost
100% of the inlet static pressure in comparison to the scroll expander with the higher
radial clearance of 200µm. Fig. 5.13 also reveals that the static pressures in all four
expansion and the two discharge chambers were always higher in the scroll expander
with radial clearance of 200µm. Or in other words, the working fluid expansion was more
controlled for the smaller clearance. This, in turn, converted more internal energy into
mechanical energy.
The static pressure fluctuated along the surface through the radial clearance of 75µm
between points 8 and 7, as well as 4 and 5. The use of a one layer unstructured grid in
5.2 Effects of radial clearance on the scroll expander performance 133
combination with standard-wall functions might have resulted in inaccurate numerical
predictions of the static pressure along the surface of the lower radial clearance of 75µm.
Orbiting angle of 60◦
Fig. 5.14 illustrates the static pressure distribution along the surface of the fixed scroll
for two radial clearances of 200µm and 75µm at an orbiting angle of 60◦.
Fig. 5.14 Static pressure distribution along the surface of the fixed scroll for radial clearances
of 200µm and 75µm at the orbiting angle of 60◦
The accompanying mid-axial contours are shown in Fig. 5.15. The suction chamber has
been formed and the individual scroll expander working chambers were connected via six
local radial clearance. The continuous aspiration of the working fluid into the suction
chamber was interrupted by the orbiting scroll tip. Hence, the high pressure and high
temperature vapour streamed into the suction and expansion chamber E1 simultaneously.
This, in turn, resulted in a static pressure decrease of 5% and 19% along the surface
of the fixed scroll connecting suction and expansion chamber E1 as well as suction and
expansion chamber E2 respectively. As for the orbiting angle of 0◦, the highest static
pressure drop occurred through the local radial clearance between expansion chambers E1
and E3 followed by that between expansion chambers E2 and E4. It can be also seen that
the pressure was recovered to higher values in the scroll expander with radial clearance of
200µm after it passed these gaps between the fixed and orbiting scroll. Furthermore, the
unsteady discharge process was almost finished at this orbiting angle. During the closure
of the discharge chambers, the static pressure fluctuated along the surface through the
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local radial clearance of 75µm connecting the working chambers E3-D2 (8-7) and E4-D1
(4-5). As for the orbiting angle of 0◦, these pressure fluctuations could be a numerical
effect. Nonetheless, the lower radial clearance prevented the static pressure to drop as
low as in the scroll expander with radial clearance of 200µm.
Fig. 5.15 Static pressure distribution in the mid axial xy-plane (at z=10mm) at the orbiting
angle of 60◦
Orbiting angle of 144◦
It can be determined from Fig. 5.16 that there was a reduction from six to four local
radial clearance when the suction port was fully closed. The accompanying mid-axial
plane contours are visualised in Fig. 5.17. The highest static pressure drop occurred
through the local radial clearance connecting suction and expansion chambers E2 (1-2)
for both clearances. The static pressure also decreased as a consequence of the expansion
process of the working fluid. The static pressure was reduced from 97% to 28% (200µm)
and from 100% to 26% (75µm) of the inlet static pressure before it was recovered back
to 70% and to 62% respectively. The second highest pressure drop was that through the
local radial clearance between expansion chamber E1 and discharge chamber D2 (9-8).
Followed by the pressure drop through the local radial clearance connecting expansion
chamber E2 and discharge chamber D1 (3-4) and suction and expansion chamber E1
(1-10). As for the previous two orbiting angles, the static pressure along the surface
connecting E1 and D2 (9-8) and E2 and D1 (3-4) fluctuated through the radial clearance
of 75µm. These pressure fluctuations could be numerical effects.
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Fig. 5.16 Static pressure distribution along the surface of the fixed scroll for radial clearances
of 200µm and 75µm at the orbiting angle of 144◦
Fig. 5.17 Static pressure distribution in the mid axial xy-plane (at z=10mm) at the orbiting
angle of 144◦
Orbiting angle of 264◦
Fig. 5.18 shows the static pressure distribution along the surface of the fixed scroll at an
orbiting angle of 264◦. The accompanying mid-axial plane contours are shown in Fig.
5.19.
136 CFD analysis of small scale ORC scroll expanders with variable wall thicknesses
Fig. 5.18 Static pressure distribution along the surface of the fixed scroll for radial clearances
of 200µm and 75µm at the orbiting angle of 264◦
Fig. 5.19 Static pressure distribution in the mid axial xy-plane (at z=10mm) at the orbiting
angle of 264◦
It can be noted that the highest static pressure drops, as for all four orbiting angles,
appeared through the local radial clearance connecting suction and expansion chamber
E2 (1-2) for both radial clearances. Here the static pressure was decreased by 88% (75µm)
and by 79% (200µm) relative to the inlet static pressure. Compared to the previous
orbiting angle, the static pressure distributions were more uniform because the suction-,
expansion and discharge processes were all more steady and stable at this particular time
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step. It can be seen that the static pressure losses through the local radial clearance
connecting E1 and D1 and E2 and D2 were different for the radial clearance of 200µm
compared to 75µm. The divergent part of the local clearance was broader for 200µm
than for 75µm resulting in a higher static pressure drop. It can be also stated that the
pressure gradients were higher in the expansion chambers in the scroll expander with
radial clearance of 75µm than those in the scroll machine with radial clearance of 200µm.
However, the differences in the static pressure between the two scroll machines were more
significant in suction and expansion chamber E2 than suction and expansion chamber
E1.
The comparison of the static pressure distributions on the surface of the fixed scroll yields
a similar pattern for both radial clearances of 200µm and 75µm at all four orbiting angles
of 0◦, 60◦, 144◦ and 264◦. However, the static pressure along the surface of the fixed
scroll in the suction chamber was always below the defined inlet static pressure in the
scroll expander with radial clearance of 200µm. Furthermore, as expected, the working
fluid was further expanded to a lower static pressure in the expansion chambers of the
scroll expander using radial clearance of 75µm. Besides, the highest static pressure drops,
as for all four orbiting angles, appeared through the local radial clearance connecting
suction and expansion chamber E2 (1-2) for both radial clearances. The increase of the
number of scroll turns could not only increase the built-in volume ratio but also the
number of expansion chambers in the variable wall thickness design. This, in turn, could
balance and limit the static pressure drops among the local radial clearance. The static
pressure fluctuated along the surface through the local radial clearance connecting the
expansion and discharge chambers in the scroll expander with the lower radial clearance
of 75µm. The use of a one layer unstructured grid in combination with standard-wall
functions might have resulted in inaccurate numerical predictions of the static pressure
along these gaps at orbiting angles of 0◦, 60◦ and 144◦. Hence, a local mesh refinement
of the grid along the local radial clearance could prevent these numerical effects.
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5.2.4 The effect of radial clearance on leakage flow parameters
Scroll expander geometries with variable wall thickness should reach higher efficiencies as
a result of their more compact designs along with shorter scroll profile lengths and fewer
working chambers [49–54, 169, 170]. Nevertheless, it is unknown whether potential higher
pressure gradients, in between two adjacent working chambers of these novel expander
designs, might cause higher losses due to high speed internal leakages. Hence, the impact
of radial clearance on leakage flow parameters is examined in the present section. No
lubricant oil was used to seal these clearances. The single-layer grid along these gaps
between fixed and orbiting scroll, as shown in Fig. 3.4 in Section 3.2.1, was assumed
to be applicable to balance between computational time and accuracy of the numerical
results. A much finer resolution of those gaps would have increased the total number of
nodes and cells massively.
Firstly, the flow through the local radial clearance connecting expansion chambers E1
and E3 (see red box in Fig. 5.20a) is analysed for two different radial clearances of 200µm
and 75µm and at an orbiting angle of 60◦ respectively. Next, the fluid flow along the
local radial clearance which connects the suction and expansion chamber E2 (see red
box in Fig. 5.21a) is investigated at an orbiting angle of 264◦. As pointed out in Section
5.2.3, the highest static pressure drop occurred at these points which in turn might have
resulted in high-speed flank leakages. It should be stated that all the results presented
in this section are steady-state flow solutions.
Fig. 5.20a depicts the Mach number distribution in the mid axial xy-plane (at z=10mm)
for the radial clearance of 75µm and at an orbiting angle of 60◦. It was found in Section
5.2.3 that the blocking effect of the suction port caused an imbalanced pressure field in the
two expansion chambers E1 and E2. Furthermore, the expansion process of the working
fluid was driven by the pressure gradients with the pressures in expansion chamber E3
and E4 being lower than those in E1 and E2. This, in turn, resulted in a different Mach
number distribution through the four local radial clearance connecting the individual
working chambers as shown in Fig. 5.20a. Fig. 5.20b reveals the enlarged section of the
fluid flow through the local radial clearance connecting expansion chambers E1 and E3.
The highest Mach number for all four local radial clearance occurred at this orbiting
angle. The enlarged figure is rotated by 90 degrees in the anticlockwise direction to
simplify the illustration. It can be noted that the Mach number increased along with
the narrowing gap between the fixed and orbiting scroll until it reached a value of 1 in
the narrowest cross section. The Mach number further increased immediately thereafter
until it reached its peak value of 1.56 before it dropped as the flow reached the diverging
section of the local radial clearance.
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(a) Mach number distribution in the mid axial xy-plane (at z=10mm)
(b) Enlarged section of the local radial clearance connecting expansion chambers E1 and E3 (rotated by
90 degree into the anticlockwise direction)
Fig. 5.20 Mach number distribution in the mid axial xy-plane (at z=10mm) for the radial
clearance of 75µm and at an orbiting angle of 60◦
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(a) Mach number distribution in the mid axial xy-plane (at z=10mm)
(b) Enlarged section of the local radial clearance connecting expansion chambers E1 and E3 (rotated by
90 degree into the anticlockwise direction)
Fig. 5.21 Mach number distribution in the mid axial xy-plane (at z=10mm) for the radial
clearance of 75µm and at an orbiting angle of 264◦
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Fig. 5.21 depicts the Mach number distribution in in the mid axial xy-plane (at z=10mm)
for the radial clearance of 75µm and at an orbiting angle of 264◦. Fig. 5.21 also contains
the enlarged section of the fluid flow through the local radial clearance connecting suction
and expansion chamber E2 since the highest Mach number increase occurred here at this
orbiting angle. The Mach number increased up to 1.81 along the radial clearance after
a Mach number of 1 was reached in the narrowest cross section. The radial clearances
between the fixed and orbiting scroll have a similar structure to a convergent-divergent
Laval nozzle in both cases.
Fig. 5.22 illustrates the impact of decreasing radial clearance (200µm to 75µm) on
the leakage flow parameters such as static (Ps) and total (Pt) pressure-, total (Tt)
temperature- and Mach number (Ma) distributions in non-dimensional form respectively.
The twenty black points plotted in Fig. 5.20 and Fig. 5.21 are utilised to evaluate the
aforementioned quantities through the local radial clearance between the two expansion
chambers E1 and E3 (orbiting angle of 60◦) and that connecting the suction with
expansion chamber E2 (orbiting angle of 264◦).
The non-dimensional total temperature just slightly changed along the local radial
clearance in both cases. It was therefore equal to approximately 1 due to the assumption
of an adiabatic system.
It can be seen that the non-dimensional total pressures remained constant along the
converging part of the clearance. The total pressures dropped as soon as the flow passed
through the narrowest cross section between expansion chambers E1 and E3 and suction
and expansion chamber E2 respectively. The total pressures remained approximately
constant at lower levels, then reduced in the subsonic flow downstream of the shock. In
addition, the shock for the radial clearance of 75µm occurred earlier than that for the
radial clearance of 200µm at both orbiting angles. The downstream non-dimensional
total pressures plateaued at 0.65 (200µm) at both orbiting angles compared to 0.53 and
0.5 (75µm).
The non-dimensional static pressures were equal to 0.54 and 0.58 (75µm) and 0.57 and
0.59 (200µm) respectively as the critical conditions in the throat (Ma=1) were reached
and the flows were choked. Furthermore, a large static pressure drop from 0.97 to 0.25
(75µm) and from 0.92 to 0.24 (200µm) at the orbiting angle of 60◦ can be seen. The
static pressure decreased from 0.99 to 0.16 (75µm) and 0.97 to 0.22 (200µm) at the
orbiting angle of 264◦. Hence, a smaller radial clearance can support a larger pressure
drop. An abrupt and sharp static pressure increase between point 13 and 15 (75µm) and
15/16 and 17/18 (200µm) can be seen at both orbiting angles. This corresponded to the
shock position. The static pressure subsequently plateaued as a result of the widening
gap between the fixed and orbiting scroll.
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(a) Orbiting angle of 60◦
(b) orbiting angle of 264◦
Fig. 5.22 Impact of decreasing radial clearance from 200µm to 75µm on the scroll expander
aerodynamic performance at two different orbiting angles of 60◦ and 264◦
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It can be determined from Fig. 5.22a that the Mach number for the radial clearance of
75µm increased from 0.2 in point 1 up to 1 through the throat (point 9) until it reached
its peak of 1.48 in point 13 before it finally sharply dropped back to 0.2. In contrast to
the radial clearance of 200µm through which the Mach number was raised from 0.31 to
1.55 and finally dropped back to 0.42. Fig. 5.22b reveals that the Mach number peaks
were reached at 1.73 (75µm) and 1.59 (200µm) corresponding to higher static pressure
drops at this orbiting angle. In other words, the flows were subsonic until the narrowest
cross section was reached before they became supersonic immediately afterwards. The
flows became subsonic again which can be seen as a sharp deceleration of the Mach
number. The acceleration and deceleration of the flows through the local radial clearance
occurred in accordance with the pressure drop and rise. High built-in volume ratios are
associated with the application of high pressure ratio leading to higher pressure losses
during the expander working process contributing to those Mach number effects.
In summary, it can be said that the examination of the effect of radial clearance on
leakage flow parameters at two different orbiting angles led to the conclusion that smaller
radial clearance can support a larger pressure drop. There was a sharp increase in
the Mach number in conjunction with a sharp decrease in the static pressure through
the local radial clearance. These static pressure drops were consistent with the static
pressure distributions along the surface of the fixed scroll through the corresponding
local clearance as obtained in Section 5.2.3. The leakage flows were choked generating
supersonic flows immediately downstream of the throat. Consequently, increasing pressure
differences between scroll expander working chambers may not increase flank leakages
because the clearance flows are choked. A dry wall expander design was considered in the
current study. Hence, the radial clearance need to be sealed by including a refrigerant
oil. Furthermore, a local mesh refinement of the grid along the local radial clearance
could lead to a more accurate numerical predictions of the leakage flows. In addition, the
standard wall-functions could be replaced with an enhanced wall treatment to resolve
the near-wall area providing a more detailed look into the leakage flows.
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5.3 Total pressure distributions during the scroll ex-
pander working process
In this section, the total pressure field inside the working chambers of the variable wall
thickness scroll expander with radial clearance of 75µm is examined over one revolution of
the orbiting scroll. The working chambers comprise the suction, expansion and discharge
chambers. The revolution of the orbiting scroll is discussed in detail for orbiting angles
of 0◦, 144◦, 240◦ and 300◦.
Fig. 5.23 presents the total pressure distributions in the working chambers over one
revolution of the orbiting scroll in the mid axial xy-plane (at z=10mm) for the pressure
ratio of 3.5. The rotational speed was set to n=2000rpm. Fig. 5.23a depicts the
beginning of the suction process at a crank angle of 0◦. The suction chamber volume was
approximately 0cm3 and four expansion chambers (E1-E4) and two discharge chambers
(D1 and D2) were formed. The scroll tip of the orbiting scroll separated expansion
chambers E1 and E2. However, expansion chamber E1 was still connected with the
suction port which enabled the aspiration of the working fluid into expansion chamber E1
in contrast to expansion chamber E2. Uneven pressure distributions were consequently
generated with the pressure in expansion chamber E1 being higher than that in expansion
chamber E2. A reduction from four to two expansion chambers occurred when the
orbiting scroll rotated by 144◦ as shown in Fig. 5.23b. The figure also reveals the
beginning of the discharge process. The pressure in the discharge chamber D2 was
still higher than that in the outlet chambers. In contrast, the total pressure in the
discharge chamber D1 was almost equal to that in the outlet chamber. In other words,
the vaporised working fluid was almost fully expanded in D1. It can also be observed
that the suction port was fully closed. The pressure imbalance was maintained in the
two expansion chambers formed by the variable wall thicknesses with lower pressure
in expansion chamber E2. According to the pressure distributions in Fig. 5.23c, the
discharge chambers were fully opened and the pressure was equal to the pressure in the
outlet chambers. In addition, the pressure in the expansion chambers further decreased
along with increasing expansion chamber volumes as soon as the orbiting scroll rotated
further as illustrated in Fig. 5.23. The pressure gradients between the suction and
expansion chambers drove the flow through the radial clearance in terms of flank leakages.
It can be also seen how the discharge chambers were fully connected and coupled with
the outlet chambers. The suction chamber almost reached its highest volume at orbiting
angle 300◦ as demonstrated in Fig. 5.23d.
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(a) Orbiting angle of 0◦ (b) Orbiting angle of 144◦
(c) Orbiting angle of 240◦ (d) Orbiting angle of 300◦
Fig. 5.23 Total pressure fields in the mid axial xy-plane (at z=10mm) at orbiting angles of 0◦,
144◦, 240◦ and 300◦ for the pressure ratio of 3.5
To sum up, the geometrical effects of variable wall thicknesses did not affect the character-
istic scroll machine operation. More specifically, the predicted total pressure distributions
were similar to that obtained from CFD simulations for state of the art scroll expander
geometries using constant wall thicknesses [47, 33, 32]. There was a blocking effect of the
orbiting scroll tip which generated the characteristic pressure imbalances in the working
chambers of the variable wall thickness scroll expander during the expansion process of
the refrigerant vapour. Moreover, the working fluid was not fully expanded during the
expansion process. The total pressure in the two discharge chambers was higher than
that in the outlet chambers. Hence, there was no full transformation of all the contained
energy into usable mechanical energy.
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5.4 Pressure trace analysis
This section provides a pressure trace analysis in the form of pressure-crank angle and
pressure-volume diagrams. The crank angle (CA) is measured from the beginning of the
suction process (0◦) until one operating cycle of the scroll expander is completed. The
operating cycle includes the expansion and discharge process in addition to the suction
process. The crank angle stands in opposition to the orbiting angle (θ) which defines the
angular position of the orbiting scroll within one revolution (0◦-360◦).
Pressure crank angle diagram
Fig. 5.24 gives the pressure-crank angle diagram of a variable wall thickness scroll
expander with radial clearance of 75µm at pressure ratio of 2.5, 3.5, 4.5 and 5.5. Pressures
for crank angles between 0◦ and 359◦ correspond to static and total pressures in the
suction chamber whereas static and total pressures for crank angles between 360◦ and
816◦ correspond to those in the expansion chambers. The solid lines are specified as the
total pressure curves whereas the short dotted lines are the associated static pressure
curves for each pressure ratio.
Fig. 5.24 Pressure-crank angle diagram for 4 different pressure ratio (radial clearance of 75µm)
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The crank angle (CA) of 0◦ represents the start of the suction process when the suction
chamber volume was approximately 0cm3. At this point, the scroll tip of the orbiting
scroll covered the suction port and interrupted the flow of the working fluid into the
suction chamber. Consequently, there was a deviation between static and total pressure
for each pressure ratio as shown in Fig. 5.24. Nonetheless, the pressure was recovered
and the kinetic energy was converted into pressure energy for an increasing crank angle.
It can be also seen how the influence became more significant for increasing pressure
ratio. In other words, the most kinetic energy needed to be recovered during the suction
process at the pressure ratio of 5.5.
Besides, total pressure fluctuations were observed at each pressure ratio similar to the
corresponding static pressure oscillations. However, the total pressures in the suction
chamber also increased with crank angles in each case until the total pressures reached
the defined inlet pressures of 0.825MPa, 1.155MPa, 1.485MPa, 1.815MPa at crank angles
of 132◦, 144◦, 168◦ and 192◦ respectively. The total pressure in the suction chamber
started to decrease at a crank angle of 324◦ for each pressure ratio. The highest suction
chamber volume was reached at a crank angle of 359◦. Or in other words, the suction
process was finished as one revolution of the orbiting scroll was completed. It can be
noted that the unsteadiness of the suction process in a constant wall thickness scroll
expander, including its transient flow characteristics, was described in detail in the study
of Wei et al. (2015) [32].
The working fluid subsequently streamed into the two expansion chambers and the
expansion process was started at the crank angles of 360◦ in each case as presented in
Fig. 5.24. It can be noted that the static and total pressures were almost consistent
for each pressure ratio throughout the entire expansion process. The total pressures of
0.379MPa (PR=2.5), 0.521MPa (PR=3.5), 0.672MPa (PR=4.5) and 0.833MPa (PR=5.5)
were observed at the end of the expansion process at a crank angle of 816◦. In all
four cases, the fluid was under-expanded and therefore above the defined static outlet
pressure of 0.33MPa. The discharge chamber was formed and the discharge process
began immediately afterwards.
Pressure volume (p-V) and temperature entropy (T-s) diagrams
Fig. 5.25 illustrates the p-V diagram for the optimum performance point at a pressure
ratio of 3.5 including the pressure traces in each expansion chamber. It should be
indicated that expansion chambers E1 and E2 are specified in Fig. 5.23 in the previous
section (5.3). The pressure traces further show the existing pressure imbalance in the two
chambers during the expansion process. The suction chamber was separated into two
148 CFD analysis of small scale ORC scroll expanders with variable wall thicknesses
expansion chambers after the orbiting scroll finished one revolution. As a result, the total
pressure in expansion chamber E1 (blue curve) had remained constant due to the existing
connection to the suction port. The total pressure started to drop significantly once the
scroll tip of the orbiting scroll closed the suction port. In contrast, the total pressure
in expansion chamber E2 (green curve) decreased as soon as the suction chamber was
separated into two expansion chambers because it was disconnected from the suction port.
The black curve defines the averaged total pressure in the two expansion chambers during
the expansion of the working fluid. The total pressure further dropped to the defined
outlet static pressure of 0.33MPa when the discharge process was started. The discharge
chamber volume decreased and the total pressure remained constant at 0.33MPa as the
orbiting scroll rotated further.
Fig. 5.25 p-V diagram for the pressure ratio of 3.5 (radial clearance of 75µm)
The corresponding isentropic expansion is also included in Fig. 5.25. The isentropic
expansion factor was assumed to be κ=1.15 based on the pressure and temperature
range of the scroll expander working fluid [245]. The expansion process under isentropic
conditions (orange curve) differed considerably from the expansion process predicted
numerically. Note the over-expansion of the working fluid under isentropic conditions
due to the geometrical effects of the variable wall thickness scroll design. It can be also
noted that the total pressure at the end of the isentropic expansion process was below the
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defined outlet static pressure of 0.33MPa. It was equal to 0.16MPa once the maximum
working chamber volume was achieved. In contrast to the total pressure at the end of
the numerically predicted process which was under-expanded and therefore above the
specified outlet static pressure as shown in Fig. 5.25.
The irreversibility of the numerically predicted expansion process, including entropy
generation inside the scroll expander working chambers, led to the deviation of the
predicted and ideal p-V curves. The specific entropy at the end of the expansion process
was larger for the numerically predicted process than that of the ideal process as shown
in Fig. 5.26 which represents the corresponding T-s diagram.
Fig. 5.26 T-s diagram for the pressure ratio of 3.5 (radial clearance of 75µm)
It can be stated that much less entropy was generated in E1 than E2 at the beginning of
the expansion process, representing the time between the start of the expansion process
and the closure of the suction port. The total temperature just decreased by 4.3K and
almost no specific entropy was generated in E1 (0.76 J
kgK
). In other words, the expansion
of the working fluid in E1 was therefore almost isentropic for this period. The expansion
process in E2 resulted in a total temperature drop of 10.2K from 421.7K to 411.5K and
a specific entropy generation of 6.7 J
kgK
at the same time. The reason therefore lies in the
existing connection of E1 with the suction port as described previously. The decrease
in total pressure along the radial clearance, connecting suction and expansion chamber
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E1, was much lower than that connecting suction and expansion chamber E2. Hence,
the total pressure losses through flank leakages, contributing to the entropy generation
inside E2, were much higher. In addition, the pressure gradient driving the expansion
process in E2 was associated with higher total pressure losses through fluid friction
further contributing to a more significant entropy generation.
The total temperature decreased from 420.8K to 408.9K and the specific entropy increased
by 8.4 J
kgK
as soon as the working fluid inside E1 was expanded further until another
revolution of the orbiting scroll was completed. The total temperature decrease in E1
(11.9K) was more significant than the corresponding one in E2 (3.6K) due to higher
pressure gradients driving the expansion process in E1. However, the specific entropy
generation in E2 was more substantial (1777.5 J
kgK
to 1790.4 J
kgK
) in comparison to that
in expansion chamber E1 (1770.6 J
kgK
to 1779.0 J
kgK
). It can be stated that higher flank
leakages still occurred through the radial clearance connecting suction and expansion
chamber E2 as a result of higher losses in total pressure among these gaps between fixed
and orbiting scroll. This, in turn, contributed to a higher entropy generation.
Fig. 5.25 reveals that the pressure imbalance between the two expansion chambers
became less significant as the expansion progressed. The total pressure gradients driving
the expansion processes in both chambers were almost consistent which resulted in a
similar entropy production until the expansion process was finished. Consequently, the
flank leakages through the radial clearance created a similar specific entropy increase
from 1779.0 J
kgK
to 1784.8 J
kgK
(E1) and 1790.4 J
kgK
to 1794.1 J
kgK
(E2) in the two cases.
The equilibrium was reached at the end of the expansion process, characterised by the
maximum entropy production.
In summary, it can be said that the geometrical constraints of the expansion chambers
formed by varying wall thicknesses restricted the expansion process. In theory, it should
be feasible to achieve a complete expansion of the working fluid to the defined exit
pressure by modifying the expansion chamber volume in particular. The use of variable
wall thickness scroll expanders with built-in volume ratios above 4.5 would lead to a
higher expansion chamber volume at the end of the expansion process. The isentropic
efficiency could thus be enhanced under the same operating conditions. The entropy
generation during the expansion process was much higher in expansion chamber E2
due to higher total pressure losses through flank leakages along the radial clearance
connecting suction and expansion chamber E2. In addition, the pressure gradient driving
the expansion process in E2 was associated with higher total pressure losses through
fluid friction between the start of the expansion process and the closure of the suction
port. This, in turn, contributed further to a more significant entropy generation in E2.
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5.5 Specific entropy generation and occurrence of
secondary flows during the discharge process
One critical operating condition in small-scale ORC systems is the applied pressure ratio
which must be matched with the fixed built-in volume ratio of the expander. A mismatch
between these two quantities might result in over- or under-expansion losses during the
discharge process. The flow through the discharge chamber and the attached discharge
pipe is another potential source of inefficiency. The most common design of the discharge
pipe in scroll expanders is the unilateral discharge pipe which was also used for the
variable wall thickness scroll expander in the present case.
Fig. 5.27 shows the specific entropy and streamline distribution in the mid-axial plane
(at z=10mm) of the variable wall thickness scroll expander during the discharge process
at orbiting angles of 84◦ and 288◦. The scroll expander with radial clearance of 75µm was
operated at the pressure ratio of 3.5. The streamline distribution in Fig. 5.27a reveals
that secondary flows were generated in the outlet chamber during the discharge process.
The specific entropy distribution shows that these secondary flows did not contribute to
an increased entropy generation there. But it should be noted that secondary kinetic
energy will dissipate further downstream and generate entropy. Enlarged sections of the
specific entropy and streamline distribution in the mid-axial plane (at z=10mm) in the
outlet chamber before the start of the discharge process (288◦) are presented in Fig. 5.28.
It has been observed that secondary flows appeared when the primary flow, streaming
along the outside wall of the fixed scroll, was redirected as it reached the end part of the
fixed scroll as visualised in Fig. 5.28a. It can be seen that entropy was generated at this
point. The flow was also redirected towards the outlet pipe further contributing to the
entropy generation. Fig. 5.28b shows that entropy was produced at the end part of the
orbiting scroll too.
It can be also stated that no heat transfer model was included into the scroll expander
modelling and the system was assumed to be adiabatic. Hence, in addition to fluid
friction, the entropy generation inside the scroll expander working chambers was mainly
caused by flank leakages leaving local radial clearance as illustrated in Fig. 5.27. It
can be determined from Fig. 5.27a that high speed flank leakages through the local
radial clearance, connecting expansion chamber E1 and discharge chamber D2, led to the
highest specific entropy generation in discharge chamber D2 (1820.6 J
kgK
) at the orbiting
angle of 84◦. The enlarged sections of the specific entropy distribution at an orbiting
angle of 288◦ (Fig. 5.28) further prove the increased entropy generation immediately
after the flank leakages left the local clearance connecting expansion chambers E3 and
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E4 with the outlet chamber. The working fluid was under-expanded at the end of the
expansion process. The pressure drop to the defined outlet pressure in the outlet chamber,
associated with the working fluid flowing from the expansion into the discharge chambers
at a high speed, also contributed to the entropy generation.
One possibility to improve the aerodynamic performance of the discharge process would
be to adjust the angle of the discharge port towards the flow stream direction and to
replace the unilateral discharge pipe with a bilateral discharge pipe as shown in Fig.
5.29. The idea was suggested and presented by Song et al. (2018) [246]. Their studies
revealed that the new discharge structure design damped the pressure variations in the
discharge chambers and eliminated the secondary flows in the outlet chambers. This, in
turn, improved the driving moment by 6.38% which was beneficial for the scroll expander
performance. It should be mentioned that the bilateral symmetric discharge structure
was not implemented in the current studies. The idea of Song et al. (2018) [246] was
included as evidence and as a recommendation for future work.
It can be concluded that the secondary flows can be weakened or even eliminated and
the aerodynamic friction could be reduced by integrating the bilateral discharge port into
the variable wall thickness scroll expander in future works. Furthermore, the geometry of
the end parts of the fixed and orbiting scroll should be streamlined in addition to the use
of a bilateral discharge pipe. It is possible to decrease the diameter for a more compact
design. It can also eliminate secondary flows and reduce the entropy generation at the
end parts of the fixed and orbiting scroll diminishing the scroll expander efficiency.
+ (a) Orbiting angle of 84◦ (b) Orbiting angle of 288◦
Fig. 5.27 Specific entropy and streamline distribution in the mid-axial plane (at z=10mm)
during the discharge process
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(a) Left part of the outlet chamber (b) Right part of the outlet chamber
Fig. 5.28 Enlarged sections of the specific entropy and streamline distribution in the mid-axial
plane (at z=10mm) in the outlet chamber prior to the start of the discharge process (288◦)
Fig. 5.29 Velocity distribution during the discharge process of a scroll expander with a bilateral
symmetric discharge structure [246]
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5.6 Brief summary
• The optimum performance was achieved at a pressure ratio of 3.5 regardless of the
rotational speed. However, increasing rotational speeds yielded higher isentropic
efficiencies. The decrease of radial clearance from 200µm to 75µm had a positive
effect on the isentropic efficiency and the specific power output. The isentropic
efficiency at the optimum performance point was significantly improved by 22%
from 31.9% to 53.9%. The second-law analysis reveals that exergy of 215.9W
(75µm) and 531.6W (200µm) was destroyed during the expansion processes and
the second-law efficiencies were 61.3% and 40.4% respectively.
• The decrease of radial clearance can support a larger pressure drop to more effec-
tively control the expansion process of the working fluid. There was a sharp increase
in the Mach number in conjunction with a sharp decrease in the static pressure
through the radial clearance. The flank leakage flows were choked, generating
supersonic flows immediately downstream of the throat. These terminated in shock
waves that led to a sharp decrease of the Mach number. The gap between the fixed
and orbiting scroll had a similar structure as a convergent-divergent Laval nozzle.
A dry wall expander design was considered in the current study. Hence, the radial
clearances need to be sealed by including a refrigerant oil.
• The geometrical effects of varying wall thicknesses did not affect the characteristic
scroll machine operation. More specifically, the continuous flow through the suction
port was diminished during its closure via the scroll tip of the orbiting scroll. The
suction chamber was therefore separated into two expansion chambers once per
revolution. This, in turn, led to the characteristic pressure imbalances in the
expansion chambers of the variable wall thickness scroll expander.
• The geometrical constraints of the expansion chambers, formed by varying wall
thicknesses, restricted the complete expansion of the working fluid. The use of
scroll expanders with built-in volume ratios above 4.5 could fully expand the
working fluid to its defined outlet pressure. The isentropic efficiency could thus
be enhanced under the same operating conditions. The expansion process under
isentropic conditions deviated from the numerically predicted process due to the
over-expansion of the working fluid under isentropic conditions. The irreversibility
of the numerically predicted expansion process, including the entropy generation
inside the scroll expander working chambers, caused by flank leakages in addition
to fluid friction, led to the deviation.
Chapter 6
Aerodynamic performance
comparison of variable and constant
wall thickness scroll expanders for
small scale ORC applications
This chapter presents an aerodynamic performance comparison of variable against state-
of-the-art constant wall thickness scroll expanders for small scale ORC systems. The
particular focus lay on a detailed examination of the flow field, to identify the advantages
and disadvantages of the novel variable wall thickness scroll expander geometry. This
includes the analysis of the influence of increasing pressure ratio on isentropic efficiency,
mass flow rate and power output to find the optimum performance point in both cases.
The gas forces and moments acting on the orbiting scroll of the two scroll expanders are
then investigated, followed by the examination of the total pressure distributions during
the scroll expander working process and the total pressure trace analysis. Static pressure
distributions on the surface of the fixed scroll are also presented and the creation of
swirls during the suction process and their development during the expansion process,
influenced by different expander designs, is examined.
6.1 Influence of increasing pressure ratio on the scroll
expander performance
The operating pressure ratios were varied from 2.50 to 4.50 by increasing the total inlet
pressure from 0.825MPa to 1.485MPa. The static outlet pressure, total inlet temperature
and rotational speed were kept constant at 0.33MPa, 425K and 2000rpm to carry out the
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CFD simulations. Investigations were performed for variable and constant wall thickness
scroll expanders with radial clearance of 200µm. The built-in volume ratio, the scroll
height and the orbiting radius are equal to 4.5, 20mm and 2.6mm in both cases. The
dual arc tip design is used to close the scroll profiles in the suction area in either case.
In addition, the two expanders have same suction port size and the suction ports are
closed at identical orbiting angles of 144◦, thus restricting the differences between the
two scroll expander geometries to the varying wall thicknesses. The geometrical models
can be found in Fig. 3.1 and Fig. 3.2 in Section 3.1 whereas the corresponding grids
were generated as described and illustrated in Section 3.2.1.
6.1.1 Isentropic efficiency and corrected averaged mass flow
rate
Fig. 6.1 compares the isentropic efficiency of variable and constant wall thickness scroll
expanders as a function of pressure ratio.
Fig. 6.1 Influence of increasing pressure ratio on isentropic efficiency of variable and constant
wall thickness scroll expanders
The isentropic efficiency increased until the optimum performance point was reached at
a pressure ratio of 3.5 for the variable wall thickness scroll expander. The shift towards
higher pressure ratio decreased the efficiency and the value for the pressure ratio of 4.5
was lower than the isentropic efficiency at the pressure ratio of 2.5. In contrast, the
constant wall thickness scroll expander operated with minimal losses at the pressure ratio
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of 2.5. Nevertheless, the maximum isentropic efficiency of 33.65% (CWD) was 1.71%
higher than that of the scroll expander with variable wall thicknesses (31.94%) although
the expander was operated at a lower pressure ratio. In spite of different isentropic
efficiency curves, Fig. 6.1 also reveals that higher isentropic efficiencies were predicted at
each pressure for the constant wall thickness scroll expander.
The influence of pressure ratio on the corrected averaged mass flow rate of variable and
constant wall thickness scroll expanders is presented in Fig. 6.2.
Fig. 6.2 Influence of increasing pressure ratio on the averaged mass flow rates of variable and
constant wall thickness scroll expanders
The corresponding equations to determine the corrected averaged mass flow rates can be
found in Eq. (5.1) in Section 5.1.1. As expected, the corrected averaged mass flow rates
increased with increasing pressure ratio reaching peak values of 0.0885kg/s (VWD) and
0.0892kg/s (CWD). It can be also noted that the corrected averaged mass flow rates were
higher at each pressure ratio for the scroll expander made of constant wall thicknesses.
This might indicate more flank leakages through the radial clearance. The constant wall
thickness design has more local radial clearance which should lead to more leakages if the
pressure gradients between individual working chambers are the same as in the variable
wall thickness design.
It should be mentioned that the internal losses will include fluid friction causing the
conversion of kinetic energy into enthalpy, in addition to leakage losses. However, based
on the isentropic efficiency and corrected averaged mass flow rate evaluations, it was not
possible to assess what exactly affected the isentropic efficiency differences in both cases.
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This will be therefore examined in more detail in the subsequent sections employing an
in-depth analysis of both scroll expander geometries.
6.1.2 Instantaneous mass flow rates at the scroll expander inlet
and outlet
The instantaneous mass flow rates at the variable and constant wall thickness scroll
expander inlets and outlets are compared for one revolution of the orbiting scroll at the
pressure ratio of 3.5. The rotational speed was set to n=2000rpm. The scroll expander
inlet is located at the intersection between the suction port outlet and the scroll chamber
bottom wall. The intersection between the scroll chamber sidewall and the outlet pipe
inlet is defined as the scroll expander outlet. The instantaneous mass flow rates (m˙) at
the scroll expander inlet and outlet are divided by the averaged instantaneous mass flow
rates (m˙) over one revolution of the orbiting scroll.
Fig. 6.3 depicts the comparison of the instantaneous mass flow rates at the scroll expander
inlet of variable and constant wall thickness scroll expanders.
Fig. 6.3 Instantaneous mass flow rates at the variable and constant wall thickness scroll expander
inlets
t/T=0 represents the time when the suction port was fully closed. The suction port
opened as the orbiting scroll rotated further. The suction chamber volume then increased
which in turn raised the mass flow rate through the suction port in both cases. There
was a steady increase of the instantaneous mass flow rates until the peak was reached
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at t/T equal to 0.5 (VWD) and 0.53 (CWD). The highest instantaneous mass flow rate
through the scroll expander inlet corresponds to the largest opening of the suction port.
Nevertheless, the highest suction chamber volume was not yet reached at this point in
both cases. The instantaneous mass flow rates dropped as the scroll tip of the orbiting
scroll separated the suction chamber into two expansion chambers and new suction
processes were subsequently started at t/T=0.60 respectively. The instantaneous mass
flow rate for the scroll expander with variable wall thicknesses first plateaued before
it decreased with the closure of the suction port. In contrast, the instantaneous mass
flow rate steadily decreased as the orbiting scroll of the constant wall thickness scroll
expander rotated further. The impact of the scroll tips, having a weakening effect on the
continuous flow, was different. The orbiting scroll tip of the CWD should be optimised.
It was slightly thicker than that of the VWD which in turn caused this damping effect.
Wei et al. (2015) [32] pointed out that mass flow rate fluctuations at the scroll expander
inlet are caused by the varying cross-sectional area in addition to fluid friction in the
suction chamber, leakage flows between suction and expansion chambers and pressure
imbalances due to the blocking effect of the orbiting scroll tip. Such mass flow rate
fluctuations might have contributed to expander vibrations affecting the suction process
and disadvantaging the performance.
The lowest mass flow rates were reached when the suction port was almost fully closed.
It can be also noted that the ratios of maximum to minimum mass flow rate for the two
scroll were comparable (1.28 for VWD and 1.34 for CWD).
Fig. 6.4 shows the instantaneous mass flow rates at the scroll expander outlet for the
two scroll expanders. t/T=0 represents the time when the highest expansion chamber
volumes were achieved in the constant and variable wall thickness scroll expanders.
Or in other words, the time when the discharge ports were fully closed. Immediately
afterwards, the instantaneous mass flow rates at the scroll expander outlet increased
significantly due to the start of the discharge process being associated with the opening
of the discharge chambers. Fig. 6.4 reveals the highest mass flow rates at t/T=0.20
(CWD) and 0.23 (VWD). Nonetheless, the peaks were almost identical in spite of slightly
different times. The instantaneous mass flow rates sharply dropped after they reached
the peak respectively due to the connection of the discharge chambers with the outlet
chambers in both cases. However, it can be noted that the ratio of the maximum and
minimum instantaneous mass flow rate differed by 13% for the two expanders (3.47 for
VWD and 3.02 for CWD). This might indicate more flank leakages through the radial
clearance of the constant wall thickness design due to the higher number of local radial
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clearance. Hence, the flank leakages could have contributed to a higher instantaneous
mass flow rate at the scroll expander outlet of the CWD.
Fig. 6.4 Instantaneous mass flow rates at the variable and constant wall thickness scroll expander
outlets
6.1.3 Power output
Fig. 6.5 shows the influence of pressure ratio on the power output of variable and constant
wall thickness scroll expanders. The corresponding absolute values of the power output
can be found in Table 6.1.
Table 6.1 Power output of variable and constant wall thickness scroll expanders
Scroll expander PR=2.5 PR=3.5 PR=4.5
variable wall thickness 201.85W 374.20W 541.60W
constant wall thickness 214.05W 386.25W 556.71W
As expected, increasing pressure ratio created higher mass flow rates through the two
scroll expanders which in turn generated increasing power output in both cases. It can
be also noted that the power output for the constant wall thickness scroll expander was
slightly higher in comparison to that for the scroll expander with variable wall thicknesses
as a result of higher efficiencies. The generated power outputs were in the range of
201.9W to 541.6W (VWDs) and 214.1W to 556.71W (CWD). It can be also determined
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from Table 6.1 that the generated power outputs deviated by 12.1W at the pressure
ratio of 2.5 and 3.5. The values for the pressure ratio of 4.5 differed by 15.1W. The
geometrical parameters such as built-in volume ratio, scroll height, orbiting radius are
identical for both scroll geometries. Thus, the internal losses causing the differences
are related to flank leakages in addition to fluid friction which will be discussed in the
subsequent sections.
Fig. 6.5 Influence of pressure ratio on the power output of variable and constant wall thickness
scroll expanders
6.2 Gas forces and moments acting on the orbiting
scroll of varying wall thickness expanders
The following section describes the comparison of transient gas forces and gas moments
acting on the orbiting scroll of variable and constant wall thickness scroll expanders.
The corresponding equations can be found in Section 4.2.1. All the transient forces and
moments are divided by their corresponding average values and evaluated over three
revolutions of the orbiting scroll. t/T=0 defines the fully closed suction port. The
comparison is conducted at the pressure ratio of 3.5 and the rotational speed of 2000rpm
in either case. In addition, the influence of increasing pressure ratio on average gas forces
and moments of varying wall thickness scroll expanders is examined.
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Radial gas forces (Fr)
Fig. 6.6 shows the radial gas force distributions of the variable and constant wall thickness
scroll expanders. The radial gas forces Fr, acting on the orbiting scrolls, increased as
the expansion of the working fluid progressed. There was a significant increase of Fr
towards the end of the expansion process. The radial peak force was reached when the
discharge chamber was slightly opened in both scroll expander geometries. Moreover,
the significant drop of Fr occurred during the discharge process when the working fluid
was discharged into the outlet chamber. The pressure in the discharge chambers was
decreased and equalised with the pressure in the outlet chambers. However, it can be
observed that the radial gas forces, generated by the scroll expander using variable wall
thicknesses, reached a much higher peak compared to the constant wall thickness design.
Besides, it can be also noted that the simultaneous closure of the suction port contributed
to a more significant decline of Fr in the VWD expander. Hence, the ratio of maximum
to minimum radial force was equal to 14.25 (VWD) and 3.20 (CWD) respectively. Higher
radial gas force variations might indicate higher local losses in the variable wall thickness
scroll expander. Hence, higher pressure gradients, creating these gas force variations,
might contribute to higher flank leakages. The extension of the scroll profile length in
VWD could prevent the suction port closure and discharge chamber opening to occur
simultaneously. The radial gas force variations could be balanced with the benefit of a
higher built-in volume ratio in VWD.
Fig. 6.6 Influence of varying wall thickness on transient radial gas forces
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In comparison to the variable wall thickness design, the constant wall thickness scroll
expander provides a larger force application surface due to the higher number of working
chambers associated with a higher number of scroll turns. Hence, the average radial gas
forces (Fr), acting on the orbiting scroll of the CWD expander over one revolution, were
much higher than that for the VWD as shown in Fig. 6.7. More specifically, 32.86%,
33.76% and 34.90% at the pressure ratio of 2.5, 3.5 and 4.5 respectively. Nonetheless,
higher average radial gas forces do not necessarily contribute to higher local losses.
Fig. 6.7 Influence of increasing pressure ratio on average radial gas forces of varying wall
thickness scroll expanders
Axial gas forces (Fa)
The axial forces Fa acting on the scroll expander top walls of variable and constant wall
thickness scroll expanders are presented in Fig. 6.8. In contrast to the radial gas forces,
Fa steadily increased for the progressing expansion process of the working fluid in both
scroll geometries. The peaks of the radial gas forces were reached when the discharge
chamber was sightly opened in both cases which occurred in accordance with the radial
force distributions. Or in other words, the expansion processes were finished and the
discharge processes had just started. The minimum axial forces were created when the
pressure in the discharge chambers was equalised with that in the outlet chamber. In
spite of the similarities to the radial gas force distributions, the ratio of maximum to
minimum axial force just differed by 5.85%. It was equal to 1.17 for VWD and 1.11 for
CWD in each case. The pressure variations, driving the expansion process, were less
significant in the constant wall thickness scroll expander. It can be also observed that
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the axial force Fa distributions over three revolutions of the orbiting scroll were much
smoother than that of radial forces. It seems it did not contain any fluctuations. The
axial gas force variations could be also balanced by extending the number of scroll turns
in VWD to avoid the suction port closure and discharge chamber opening to happen at
the same time.
Fig. 6.8 Influence of varying wall thickness on transient axial gas forces
Fig. 6.9 reveals the influence of increasing pressure ratio on the average axial gas forces
(Fa) of varying wall thickness scroll expanders. It can be seen that the average gas forces,
acting on the scroll chamber top wall of CWD, were higher in spite of a smaller top wall
diameter of the constant wall thickness scroll expander (52.5mm vs. 55mm for VWD).
The reason therefore lies in the larger force application surface of the scroll chamber
top wall in the constant wall thickness scroll expander due to the higher number of
working chambers. The differences were 14.1% (PR=2.5), 16.17% (PR=3.5) and 17.37%
(PR=4.5).
Tangential gas moment (Mt)
Fig. 6.10 reveals the tangential gas moments (Mt) generated by the orbiting scroll of the
scroll expanders using variable and constant wall thickness. The tangential gas moment
specifies the mechanical power output of scroll expanders. It can be noted that the
highest tangential gas moment was generated for the highest suction chamber volume in
the variable wall thickness scroll expander because the highest mass flow rate through
the suction port was enabled.
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Fig. 6.9 Influence of increasing pressure ratio on average axial gas forces of varying wall thickness
scroll expanders
Fig. 6.10 Influence of varying wall thickness on the tangential gas moment
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Mt decreased slightly but steadily as the expansion process in the expansion chambers
of VWD progressed. The significant drop of Mt occurred after the expansion process
was finished and the discharge process had just started. The simultaneous closure of the
suction port contributed to the significant drop of the tangential gas moment in addition.
It reached its minimum as soon as the suction port was fully closed and the discharge
process took place.
This contrasts with the constant wall thickness scroll expander. The highest tangential
gas moment was created for the highest expansion chamber volume at the end of the
expansion process. It then dropped after the working fluid was discharged into the outlet
chamber during the discharge process. However, Mt was recovered and started to increase
after the highest suction chamber volume was reached. Fig. 6.10 shows the appearance
of tangential gas moment fluctuations due to the covering effect of the orbiting scroll tip
subdividing the suction chamber into two expansion chambers. A decline of Mt can be
seen towards the closure of the suction port before it started to steadily increase as one
revolution of the orbiting scroll was almost completed.
Besides, it can be also determined from Fig. 6.10 that the ratios of maximum to minimum
Mt were equal to 2.03 (VWD) and 1.44 (CWD) respectively. The tangential gas moment
variations of CWD were less significant because the corresponding pressure gradients,
driving the expansion process between individual working chambers, were much lower
than that of VWD. In addition, the closure of the suction port and the opening of the
discharge chamber did not occur at the same time. This, in turn, benefited the CWD
scroll expander in terms of a more constant tangential gas moment supply. Nonetheless
higher tangential gas moment peaks were reached for the VWD expander.
The bar chart in Fig. 6.11 shows that the generated average tangential gas moments
(Mt) for CWD was slightly higher at each pressure ratio in comparison to that for VWD
as a result of higher efficiencies as presented in Section 6.1.1.
To sum up, higher tangential gas moment peaks were reached in the variable wall thickness
scroll expander but at the expense of higher local losses due to higher radial and axial
gas force variations. The maximum to minimum ratios of Fr were equal to 14.3 (VWD)
and 3.2 (CWD) contributing to higher local flank leakage losses in VWD. The evaluation
of the transient axial gas forces acting on the scroll chamber top walls reveals ratios of
1.2 (VWD) and 1.1 (CWD) which could lead to higher mechanical friction losses. The
gas moment fluctuations across one revolution of the orbiting scroll were more stable
in the constant wall thickness scroll expander (1.4 (CWD) versus 2.0 (VWD)). The
extension of the scroll profiles in the variable wall thickness scroll expander could prevent
the simultaneous closure of suction port and discharge chamber opening. The radial and
6.3 The effects of varying wall thickness on unsteady total pressure distributions and
pressure traces 167
axial gas force variations could be balanced. In addition, a more constant gas moment
could be generated with the benefit of a higher built-in volume ratio.
Fig. 6.11 Influence of increasing pressure ratio on average tangential gas moment of varying
wall thickness scroll expanders
6.3 The effects of varying wall thickness on unsteady
total pressure distributions and pressure traces
The effects of varying wall thickness on the transient total pressure distributions inside
the working chambers of variable and constant wall thickness scroll expanders is discussed
in the first sub-section. In addition, the pressure traces of the suction and expansion
chambers are monitored against the crank angle in the second sub-section.
6.3.1 Unsteady total pressure distributions
Fig. 6.12 - Fig 6.14 show the total pressure distributions in the mid axial xy-plane (at
z=10mm) of the two scroll expanders. Four different time steps, specified by orbiting
angles of 0◦, 144◦, 264◦ and 300◦, are chosen to capture one complete rotation of the
orbiting scroll. The operating pressure ratio was equal to 3.5 and the rotational speed
was set to n=2000rpm.
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Orbiting angle of 0◦
Fig. 6.12 illustrates the total pressure distributions in the mid axial xy-plane (at z=10mm)
of the variable and constant wall thickness scroll expanders at the orbiting angle of 0◦.
(a) VWD (b) CWD
Fig. 6.12 Total pressure fields in the mid axial xy-plane (at z=10mm) of variable and constant
wall thickness scroll expanders at the orbiting angle of 0◦
It can be noted that the suction chamber volume was almost 0 cm3 and the working fluid
was expanded in four expansion chambers in both cases. As previously described, the
orbiting scroll tip locally separated expansion chambers E1 and E2. The high pressure
and high temperature vapour streamed at a high speed into expansion chamber E1 due
to its existing connection to the suction port in either case. Thus, the characteristic
pressure imbalance was generated in the four expansion chambers of the variable and the
constant wall thickness scroll expanders as expected. The total pressures in the expansion
chambers E1 and E3 were higher than that in E2 and E4 respectively. No obvious
differences can be seen in terms of the expanding effects in spite of higher expansion
chamber volumes of E3 and E4.
Orbiting angle of 144◦
It can be determined from Fig. 6.13a that the suction ports are fully closed at the
orbiting angles of 144◦. The working process of the two scroll expanders was dissimilar
due to the geometrical effects of the varying wall thickness. The expansion process still
progressed in four expansion chambers of the constant wall thickness design. In contrast
to the variable wall thickness design in which a reduction to two expansion chambers
can be seen. Nevertheless, the characteristic pressure imbalance was still maintained
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independently of the number of expansion chambers along with the effects of varying wall
thickness. Moreover, the total pressure distributions reveals that the total pressure drops
between the suction and expansion chambers E1 and E2 differed for the two designs.
The drops in the constant wall thickness expansion machine were higher than that in the
scroll expander made of variable wall thicknesses. In other words, the expansion process
was driven by higher pressure gradients during the closure of the suction port. These
differences might have been caused by more significant flank leakages apart from the
slightly different scroll tip designs accompanied with the closure of the suction port as
pointed out by Song et al. (2015) [33].
(a) VWD (b) CWD
Fig. 6.13 Total pressure fields in the mid axial xy-plane (at z=10mm) of variable and constant
wall thickness scroll expanders at orbiting angles of 144◦
Orbiting angles of 264◦ and 300◦
Fig. 6.14 depicts the total pressure distributions in the mid axial xy-plane (at z=10mm)
of the variable and constant wall thickness scroll expanders at orbiting angles of 264◦ and
300◦. The scroll expansion process in the scroll expander using variable wall thicknesses
still occurred in two expansion chambers compared to four in the constant wall thickness
design at the orbiting angle of 264◦. The pressure imbalance was still maintained. A
reduction from four to two expansion chambers can be noticed in CWD as the orbiting
scroll rotated further to an orbiting angle of 300◦.
In short, the comparison of the working process in the two scroll expanders reveals that
the expansion of the working fluid occurred in a lower number of expansion chambers in
the variable wall thickness design. Most of the time, the expansion process took place in
two expansion chambers compared to four in the constant wall thickness design.
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(a) VWD (264◦) (b) CWD (264◦)
(c) VWD (300◦) (d) CWD (300◦)
Fig. 6.14 Total pressure fields in the mid axial xy-plane (at z=10mm) of variable and constant
wall thickness scroll expanders at orbiting angles of 264◦ and 300◦
6.3.2 Pressure trace analysis
Fig. 6.15 shows the pressure-crank angle diagram for variable and constant wall thickness
scroll expanders operated at a pressure ratio of 3.5 and a rotational speed of 2000rpm.
As described in Section 5.4, the orbiting scroll tip prevented the aspiration of the high
pressure and high temperature vapour into the suction chamber at the beginning of the
suction process. Hence, the total pressures were below the defined total inlet pressures
in either case. The total pressures reached the specified total inlet pressure of 1.155MPa
in the suction chamber of the variable and constant wall thickness scroll expander at
orbiting angles of 156◦ and 216◦ respectively. It can be also seen how the total pressures
decreased before the suction process was finished. The total pressure in the suction
chamber of the constant wall thickness design started to decrease at a crank angle of 252◦
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in comparison to the variable wall thickness design in which the total pressure decrease
occurred at a crank angle at 276◦.
Fig. 6.15 Pressure-crank angle diagram of variable and constant wall thickness scroll expanders
at two different pressure ratios
It can be stated that the working fluid was steadily expanded in the expansion chambers
of the variable wall thickness scroll expander. This, in turn, resulted in a continuous
decrease of the total pressure until the expansion process was completed. The expansion
process of the vaporised refrigerant in the expansion chambers of the scroll expander with
constant wall thicknesses contradicted with that for the variable wall thickness scroll. The
pressure gradients driving the expansion process in CWD were not only more significant
after the closure of the suction port, the total pressure also plateaued before it was finally
expanded until the expansion process was completed. Higher expansion chamber volumes
of CWD at the beginning of the expansion process caused these higher losses in total
pressure contributing to higher flank leakages. The plateauing effect afterwards, resulting
from a higher number of expansion chambers, benefited the constant wall thickness
design, in particular in terms of less gas force variations and a more constant torque
supply as pointed out in Section 6.2. Besides, the plateauing effect due to lower pressure
gradients might have resulted in less leakages at that time. Nonetheless, higher expansion
chamber volumes of VWD at the later stage of the expansion process resulted in higher
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pressure gradients at that time. This, in turn generated higher a higher peak torque.
Furthermore, it can be also seen that the expansion process of the variable and constant
wall thickness scroll expanders were completed at different crank angles of 816◦ and 996◦
respectively. Hence, the residence time of the gas was shorter in VWD resulting in less
time for flank leakages to affect the performance. The total pressures of at the end of the
expansion processes were almost consistent for both scroll expanders and at each pressure
ratio as shown in Fig. 6.15. The defined outlet static pressure was equal to 0.33MPa.
The working fluid was therefore under-expanded in both cases weakening power output
and efficiency.
To sum up, the pressure trace analysis reveals a shorter residence time of the gas in
the variable wall thickness scroll expander resulting in less time for flank leakages to
affect the performance. The expansion process was finished at a crank angle of 816◦
(variable) compared to 996◦ (constant). In addition, the steady expansion in the variable
wall thickness expander contradicted with the plateauing effect during constant wall
thickness scroll expansion process. Hence, the extension of the number of scroll turns in
the variable wall thickness design could increase in the number of expansion chambers to
lower the pressure gradients driving the expansion process. This, in turn, could lead to
less gas force and gas moment variations in addition to lower flank leakages in spite of a
prolonged residence time of the gas and an increased overall area for leakages.
6.4 Static pressure distribution along the surface of
the fixed scroll
The static pressure distribution along the surface of the fixed scroll of varying wall
thickness scroll expanders is examined in this section. The static pressure distributions
are evaluated in the mid axial xy-plane (at z=10mm) at four different orbiting angles
having a critical impact on the scroll expander working process. More specifically at
0◦ (start of suction process) and 60◦ (t=5ms after the start of the suction process), in
addition to 144◦ (suction port closure) and 264◦ (occurrence of highest static pressure
drop through local radial clearance connecting suction and expansion chamber E2).
Hence, the unsteady static pressure variation inside the scroll expander working chambers
can be investigated in conjunction with the detection and location of the internal pressure
losses along the surface of the fixed scroll through local radial clearance. The applied
pressure ratio was 3.5 and the rotational speed was set to 2000rpm.
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Orbiting angle of 0◦
In order to provide an orientation aid, the static pressure distributions in the mid-axial
plane (at z=10mm) of VWD and CWD at the orbiting angle of 0◦, including the suction
(S), expansion (E1-E4) and discharge chambers (D1 and D2) specifications, are presented
in Fig. 6.16.
(a) VWD (b) CWD
Fig. 6.16 Static pressure distribution in the mid-axial plane (at z=10mm) of VWD and CWD
at the orbiting angle of 0◦
Fig. 6.17 shows the static pressure distributions along the surface of the fixed scroll of
VWD and CWD at the orbiting angle of 0◦.
Fig. 6.17 Static pressure distribution along the surface of the fixed scroll of VWD and CWD at
the orbiting angle of 0◦
The static pressure is divided by the static inlet pressure and plotted against the x-axis.
The static pressure drops (∆Ps/Ps,in) occurred through five local radial clearance in
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both scroll machines at this time representing the start of the suction process. The
corresponding values for ∆Ps/Ps,in are shown in Table 6.2.
Table 6.2 Static pressure drops (∆Ps/Ps,in) along the surface of the fixed scroll through local
radial clearance connecting individual working chambers at the orbiting angle of 0◦
Local radial clearance E1-S-E2 E1-E3 E2-E4 E3-D2 E4-D1
(∆Ps/Ps,in) - VWD 0.502 0.751 0.596 0.524 0.486
(∆Ps/Ps,in) - CWD 0.358 0.677 0.575 0.622 0.620
More specifically, there is the local radial clearance E1-S-E2 connecting the suction
with two expansion chambers E1 and E2. The location of the suction port in VWD
enabled the aspiration of the working fluid at high speed into the suction chamber via
the local radial clearance E1-S-E2. In contrast to CWD in which no connection between
suction port and this local radial clearance existed. Hence, the static pressure drop was
higher in VWD (0.502) than CWD (0.358) as shown in Table 6.2. Fig. 6.17 also reveals
the occurrence of higher static pressure drops through the local radial clearance E1-E3
and E2-E4 in the variable wall thickness scroll expander. In comparison to CWD, they
differed by 9.9% (E1-E3) and 3.5% (E2-E4) respectively. It can be noted that the static
pressure was recovered to higher static pressures in expansion chambers E3 and E4 of
CWD due to their lower expansion chamber volume.
Moreover, the static pressure drops along the surface of the fixed scroll through the local
radial clearance E3-D2 and E4-D1 were much higher in CWD as shown in Fig. 6.17.
In comparison to VWD, they differed by 15.8% (E3-D2) and 19.3% (E4-D1) in both
cases. This also corresponds to the lower expansion chamber volumes of E3 and E4 in
the constant wall thickness design. Or seen from another perspective, higher expansion
chamber volumes of E3 and E4 in VWD led to lower static pressure from which the drop
started. It should be noted that the static pressures in the discharge chambers of both
geometries were similar due to the connection with the outlet chamber.
Orbiting angle of 60◦
In order to provide an orientation aid as for the previous orbiting angle, the static pressure
distributions in the mid-axial plane (at z=10mm) of VWD and CWD are presented in Fig.
6.18. The orbiting angle is 60◦. Fig. 6.19 illustrates the static pressure distributions along
the surface of the fixed scroll of variable and constant wall thickness scroll expanders at
the orbiting angle of 60◦. It can be seen that the static pressure was decreased along the
surface of the fixed scroll through six local radial clearance in both geometries.
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(a) VWD (b) CWD
Fig. 6.18 Static pressure distribution in the mid-axial plane (at z=10mm) of VWD and CWD
at the orbiting angle of 60◦
Fig. 6.19 Static pressure distribution along the surface of the fixed scroll of VWD and CWD at
the orbiting angle of 60◦
As for the orbiting angle of 0◦, the lower static pressure in the suction chamber of CWD
resulted from the slightly different location of the suction port in addition to the blocking
effect of the orbiting scroll tip. The suction chamber was completely disconnected from
the suction port in CWD. Hence, the static pressure decrease through the local radial
clearance S-E2 was higher in VWD. Nevertheless, it dropped to the same ∆Ps/Ps,in=0.48
in both cases and was recovered to the same ∆Ps/Ps,in=0.76 in E2 as shown in Table
6.3. The suction chamber volume should be increased in both geometries to minimise
the pressure losses by relocating the suction port accordingly [33].
The highest static pressure drops in VWD still occurred through the local radial clearance
connecting expansion chamber E1 with E3 and E2 with E4 respectively. However, in spite
of lower ∆Ps/Ps,in, the differences became more significant as the expansion progressed.
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Table 6.3 Static pressure drops (∆Ps/Ps,in) along the surface of the fixed scroll through local
radial clearance connecting individual working chambers at the orbiting angle of 60◦
Local radial clearance E1-S S-E2 E1-E3 E2-E4 E3-D2 E4-D1
(∆Ps/Ps,in) - VWD 0.061 0.458 0.741 0.517 0.493 0.436
(∆Ps/Ps,in) - CWD 0.300 0.341 0.567 0.248 0.641 0.574
Compared to CWD, they differed by 23.5% and 52.0% which might indicate increased
flank leakages in VWD. It can be also noted that the static pressure was still recovered
to higher static pressures in E3 and E4 of CWD due to their lower expansion chamber
volume. This, in turn, resulted in those lower static pressure drops due to lower pressure
gradients driving the expansion process in CWD.
As for the previous orbiting angle of 0◦, the static pressure drops through the local radial
clearance E3-D2 and E4-D1 were much higher in the constant wall thickness design.
They differed by 23.1% and 24.0%.
Orbiting angle of 144◦
In comparison to the expansion process of CWD, there was a reduction from six to four
local radial clearance in VWD once the suction port was fully closed at the orbiting
angle of 144◦ as depicted in Fig. 6.20. The working fluid was expanded in two expansion
chambers compared to four in the constant wall thickness scroll expander.
(a) VWD (b) CWD
Fig. 6.20 Static pressure distribution in the mid-axial plane (at z=10mm) of VWD and CWD
at the orbiting angle of 144◦
Fig. 6.21 illustrates the corresponding static pressure distribution along the surface of
the fixed scroll of VWD and CWD at the orbiting angle of 144◦.
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Fig. 6.21 Static pressure distribution along the surface of the fixed scroll of VWD and CWD at
the orbiting angle of 144◦
The blocking effect of the orbiting scroll tip still resulted in a slightly lower static pressure
in the suction chamber of CWD. According to Table 6.4, the static pressure decrease
along the surface of the fixed scroll, in particular through the local radial clearance S-E2
and E1-D2, was more detrimental in the variable wall thickness design. In contrast to
the static pressure drops through S-E1 and E3-D1 which were higher in the constant wall
thickness design. This corresponds to the different expansion chamber volumes resulting
in different static chamber pressures as pointed out for the orbiting angles of 0◦ and 60◦.
Fig. 6.21 also shows that the static pressure in E1 and E2 were almost equal in both
geometries. In addition, the higher number of working chambers in CWD balanced the
corresponding static pressure, which in turn, resulted in an almost equal static pressure
in E2 and E3. Hence, the static pressure was just decreased by 0.265 and 0.234 through
the local radial clearance of E1-E3 and E2-E4 respectively.
Table 6.4 Static pressure drops (∆Ps/Ps,in) along the surface of the fixed scroll through local
radial clearance connecting individual working chambers at the orbiting angle of 144◦
Local radial clearance S-E1 S-E2 E1-E3 E2-E4 E1-D2/E4-D2 E2-D1/E3-D1
(∆Ps/Ps,in) - VWD 0.527 0.695 - - 0.644 0.528
(∆Ps/Ps,in) - CWD 0.658 0.510 0.265 0.234 0.510 0.600
Orbiting angle of 264◦
The static pressure distributions in the mid-axial plane (at z=10mm) of VWD and CWD
at the orbiting angle of 264◦ are presented in Fig. 6.22. Fig. 6.23 unveils the static
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pressure distributions along the surface of the fixed scroll of VWD and CWD at the
orbiting angle of 264◦.
(a) VWD (b) CWD
Fig. 6.22 Static pressure distribution in the mid-axial plane (at z=10mm) of VWD and CWD
at the orbiting angle of 264◦
Fig. 6.23 Static pressure distribution along the surface of the fixed scroll of VWD and CWD at
the orbiting angle of 264◦
Table 6.5 contains the values of the static pressure drops through the local radial
clearance connecting the individual working chambers at that time. These findings were
qualitatively similar to those at the time when the suction port was fully closed (orbiting
angle of 144 ◦). There was a sharp static pressure decline along the surface of the fixed
scroll through four local radial clearance in VWD in contrast to six in CWD. According
to Table 6.5, the static pressure decays were more significant in the variable wall thickness
design due to the higher pressure gradients driving the expansion process. There was a
sharp decline by 0.750 and 0.764 in S-E1 and S-E2 respectively. It can be noted that
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(∆Ps/Ps,in)VWD=0.764 and (∆Ps/Ps,in)CWD were the highest among all four orbiting
angles in either case. In addition, the static pressures dropped by 0.581 (E1-D2) and
0.5342 (E2-D1) between the corresponding expansion and discharge chambers in VWD.
They differed by 37.2% and 24.0% compared to that in CWD. Moreover, the static
pressure in the suction chamber was not affected and reduced by the orbiting scroll tip
in either case.
Table 6.5 Static pressure drops (∆Ps/Ps,in) along the surface of the fixed scroll through local
radial clearance connecting individual working chambers at the orbiting angle of 264◦
Local radial clearance S-E1 S-E2 E1-E3 E2-E4 E1-D2/E4-D2 E2-D1/E3-D1
(∆Ps/Ps,in) - VWD 0.750 0.764 - - 0.581 0.534
(∆Ps/Ps,in) - CWD 0.687 0.709 0.247 0.288 0.365 0.406
In summary, the studies of the static pressure distributions along the surface of the
fixed scroll of VWD and CWD unveil, that the static pressure drops through the local
radial clearance, connecting suction and expansion chambers, were higher in VWD for
the orbiting angles of 0◦ and 60◦. In contrast to CWD in which the static pressure
drops were higher through the local radial clearance connecting expansion and discharge
chambers at that time. The extension of the scroll profile length of VWD could increase
the number of working chambers to balance these drops as a result of lower working
chamber volumes. Moreover, the fully closed suction port (144◦), associated with the
discharge chamber opening, resulted in more significant pressure drops in VWD. However,
the higher number of local radial clearance unveils a higher number of static pressure
drops in CWD at 144◦. The highest suction pressure drops of 0.764 (VWD) and 0.709
(CWD) occurred through the local radial clearance S-E2 at the orbiting angle of 264◦ in
both geometries. In addition, the suction chamber needs to be increased to relocate the
suction port in both geometries to balance the corresponding pressure losses.
6.5 Generation of swirls during the suction process
and their development during the expansion pro-
cess
The influence of varying wall thickness on the unsteady and three-dimensional flow field
is discussed in this section. In particular, the generation of swirls during the suction
process and their development during the expansion process is examined. The movement
of the orbiting scroll is therefore subdivided into six steps defined by different crank
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angles. More specifically, 60◦, 300◦, 384◦, 444◦, 504◦ and 600◦. The variable and constant
wall thickness scroll expanders were operated at the same pressure ratio of 3.5. The
rotational speed was set to n=2000rpm in either case.
Suction process
The transient and three-dimensional flow field in the suction chambers of VWD and
CWD is visualised at two crank angles of 60◦ and 300◦ in Fig. 6.24 and Fig. 6.25.
(a) VWD (b) CWD
Fig. 6.24 Generation of swirls in the suction chamber of VWD and CWD at CA=60◦
It can be determined from Fig. 6.24a how the working fluid streamed into the suction
chamber of VWD at high speed reaching a peak velocity of 53m/s. This, in turn, caused
the deviation between static and total pressure as described previously in Section 5.4. In
contrast, the flow did not have a z-component in the suction chamber of CWD due to
the slightly different suction port location. The suction port was covered by the orbiting
scroll tip preventing the inflow into the suction chamber.
Fig. 6.25 reveals a decreasing flow velocity as the scroll rotated further (CA=300◦)
reducing the pressure loss due to the generation of kinetic energy. It can be also seen that
two swirls were generated in the suction chamber of both scroll geometries towards the
end of the suction process as a result of the varying cross-sectional area of the intersection
of suction port outlet and suction chamber [32]. Wei et al. (2015) [32] also pointed
out that fluid friction, induced by these swirls, contributed to suction pressure losses
diminishing the conversion of internal energy into mechanical power output.
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(a) VWD (b) CWD
Fig. 6.25 Generation of swirls in the suction chamber of VWD and CWD at CA=300◦
Expansion process
Fig. 6.26 illustrates the aspiration of the high pressure and high temperature vapour
into expansion chamber E1 of both geometries at high speed.
(a) VWD (b) CWD
Fig. 6.26 Development of swirls in the expansion chamber of VWD and CWD at CA=384◦
Nonetheless, the inflow to E1 was redirected to flow further downstream after it reached
the scroll chamber top wall of E1 at the beginning of the expansion processes of VWD
and CWD. The backflow towards the scroll expander inlet occurred after the fluid reached
the narrowing part between the fixed and orbiting scroll walls creating the rotating swirl
in E1 in either case. The swirls in E2 were also maintained at this point. It can be
noted that these swirls were characterised by a larger unsteadiness and higher intensity
compared to the previous crank angle of 300◦.
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The energy dissipation rate of the rotating swirls in E1 and E2 increased for the increasing
volumetric expansion at 444◦ as visualised in Fig. 6.27.
(a) VWD (b) CWD
Fig. 6.27 Development of swirls in the expansion chamber of VWD and CWD at CA=444◦
There was also a reduced energy supply during the closure of the suction port further
increasing the inflow velocities in either case. In addition, as for the crank angle of 384◦,
the energy dissipation rate of the swirl in E2 was much higher in CWD than that in
VWD. This corresponds to the higher expansion chamber volumes of the constant wall
thickness scroll expander at that time. Higher pressure gradients, driving the expansion
process of CWD as pointed out in Section 6.3.2, converted more kinetic energy into
enthalpy contributing to the energy dissipation.
The disconnection of E1 with the suction port at CA=504◦ prevented the kinetic and
pressure energy supply to E1 damping the intensity of the swirl in E1 significantly in
either case as illustrated in Fig. 6.28a. Nonetheless, the energy dissipation rate of both
swirls in E1 and E2 was comparable in VWD. In contrast, the swirl in E2 of CWD was
almost completely dissipated. The complete dissipation of the two large-scale swirls was
observed towards the later stage of the expansion process. In particular, at CA=600◦
for VWD as shown in Fig. 6.28c. In contrast, the large-scale swirls were completely
dissipated in the expansion chambers of CWD at the crank angle of 672◦ as illustrated
in Fig. 6.28d. This corresponds to the lower pressure gradients in the smaller expansion
chamber volumes of CWD at that time. The swirling motions were maintained for a
longer period and the diffusion time was extended. More kinetic energy might have been
converted into enthalpy increasing the fluid friction in CWD. It should be stated that
the flow field in the suction chamber is excluded in Fig. 6.28.
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(a) VWD - CA=504◦ (b) CWD - CA=504◦
(c) VWD - CA=600◦ (d) CWD - CA=672◦
Fig. 6.28 Development of swirls in the expansion chamber of VWD and CWD towards the later
stage of the expansion process
It can be concluded that the geometrical effects of varying wall thicknesses did not affect
the generation of large-scale swirls in the suction chamber during the suction process
of variable and constant wall thickness scroll expanders. Nevertheless, their energy
dissipation rate during the expansion process was different for the two scroll expanders.
The large-scale swirls were completely dissipated in the expansion chambers of VWD
at the crank angle of 600◦ in contrast to 672◦ in the expansion chambers of CWD. In
comparison to VWD, the smaller expansion chamber volumes of CWD at the later stage
of the expansion process, accompanied with the lower pressure gradients, maintained the
swirling motions for a longer period and extended the time for its diffusion. The prolonged
fluid friction might have converted more kinetic energy into enthalpy diminishing the
power capacity.
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6.6 Research summary for novel variable wall thick-
ness scroll expander designs
Table 6.6 contains the advantages and disadvantages of the novel variable wall thickness
scroll design in comparison to the constant wall thickness scroll expander. These findings
are obtained from the three-dimensional and unsteady CFD simulations of varying wall
thickness scroll expanders for small scale ORC systems. A dry wall expander design was
used in the current study. Friction and heat transfer models were excluded in addition
to the exclusion of the axial clearance. In addition to the advantages shown in Table
6.6 below, the novel variable wall thickness design is characterised by less overall area
for detrimental friction, heat transfer and tip leakage to occur in spite of a higher scroll
house diameter. Hence, the sealing of radial clearance by including a refrigerant oil could
increase the isentropic efficiency. This, in turn, could provide the variable wall thickness
scroll expander a competitive advantage in comparison to its constant wall thickness
counterpart.
Table 6.6 Advantages and disadvantages of the novel variable wall thickness scroll design
Advantages Disadvantages
- operation at higher pressure ratio - lower isentropic efficiencies
- higher peak gas moment - higher torque variations
- lower average radial and axial gas forces - higher gas force variations
- shorter gas residence time - higher pressure gradients
- more steady expansion process - more significant pressure drops
- lower number of pressure drops
- reduced fluid friction
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6.7 Brief summary
• For the first time, three-dimensional and transient CFD simulations of variable
and constant wall thickness scroll expanders for small scale ORC systems were
conducted to compare their aerodynamic performance. Geometrical parameters
such as built-in volume ratio (4.5), scroll height (20mm), orbiting radius (2.6mm)
and radial clearance (200µm) were kept constant in both scroll expander geometries.
It can be noted that the smaller scroll housing diameter of CWD (52.5mm ) led to
a slightly more compact design compared to VWD (55mm) due to the less occupied
space of the constant wall thickness scroll profiles.
• The benefit of operating the variable wall thickness scroll expander at higher
pressure ratio resulted in reduced isentropic efficiencies. The isentropic efficiency
increased until the optimum performance point was reached at a pressure ratio of
3.5. In contrast, the CWD expander was operated with minimal losses at a lower
pressure ratio of 2.5. However, the maximum isentropic efficiency of 33.7% was
slightly higher (1.7%) than that of VWD (31.9%).
• The shorter scroll profile length of VWD generated lower average radial and axial
gas forces. Besides, higher pressure gradients between individual working chambers
contributed to a higher peak of the tangential gas moment in spite of higher transient
gas force and tangential gas moment variations. The maximum to minimum ratios
of the transient radial gas forces were equal to 14.3 (VWD) and 3.2 (CWD). The
evaluation of the transient axial gas forces acting on the scroll chamber top wall
reveals ratios of 1.2 (VWD) and 1.1 (CWD). The gas moment fluctuations across
one revolution of the orbiting scroll were more stable in CWD (1.3 (CWD) versus
2.0 (VWD)) but at the expense of lower gas moment peaks.
• The pressure trace analysis reveals a shorter residence time of the gas in VWD
resulting in less time for flank leakages to affect the performance. The expansion
process was finished at a crank angle of 816◦ (VWD) compared to 996◦ (CWD).
In addition, the steady expansion in VWD contradicted with the plateauing effect
during the CWD expansion process. Hence, the extension of the number of scroll
turns in the variable wall thickness design could increase in the number of expansion
chambers to lower the pressure gradients driving the expansion process. This, in
turn, could lead to less gas force and gas moment variations in addition to lower
flank leakages in spite of a prolonged residence time of the gas and an increased
overall area for leakages.
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• The studies of the static pressure distributions along the surface of the fixed scroll
of VWD and CWD unveil, that the static pressure drops through the local radial
clearance, connecting suction and expansion chambers, were higher in VWD for the
orbiting angles of 0◦ and 60◦. In contrast to CWD in which the static pressure drops
were higher through the local radial clearance connecting expansion and discharge
chambers at that time. Moreover, the fully closed suction port (144◦), associated
with the discharge chamber opening, resulted in more significant pressure drops in
VWD. However, the higher number of local radial clearance unveil a higher number
of static pressure drops in CWD at 144◦. The highest static pressure drops of 0.764
(VWD) and 0.709 (CWD) occurred through the local radial clearance S-E2 at the
orbiting angle of 264◦ in both geometries.
• The swirl generation in the suction chamber of VWD and CWD was independent
of the geometrical effects of varying wall thicknesses. Nevertheless, their energy
dissipation rate during the expansion process was different for the two scroll
expanders. The large-scale swirls were completely dissipated in the expansion
chambers of VWD at the crank angle of 600◦ in contrast to 672◦ in the expansion
chambers of CWD. In comparison to VWD, the smaller expansion chamber volumes
of CWD, accompanied with the lower pressure gradients driving the expansion
process, maintained the swirling motions for a longer period and extended the time
for their diffusion.
Chapter 7
Heat release and combustion
modelling of spark-ignition scroll
engines
The first part of this chapter presents an analytical heat release rate analysis to predict
the power density and thermal efficiency of a scroll engine based on a constant wall
thickness design. The CFD based combustion modelling results of a spark-ignition scroll
engine, which was made of variable wall thicknesses, are analysed in the second part of
the chapter. The evaluation of the feasibility of this novel engine technology initially
comprises the analysis of gas forces and torque generation, followed by the examination
of the total pressure distributions during the scroll engine working process. The influence
of spark timing on the flame front propagation is discussed afterwards. Finally, the
effects of turbulence on the flame propagation and their interaction with the unsteady
flow mechanism inside the working chambers of the scroll engine expander parts are
conclusively investigated.
7.1 Analytical heat release rate analysis
The evaluation of the predicted scroll engine performance, employing a heat release
rate analysis, is discussed in the following section. The first sub-section is about the
calculation of the heat release rates for two compression ratios of 8.2:1 and 10.1:1 based
on the Wiebe function. The heat release rates were then utilised to determine the total
pressure distributions in the working chambers during the combustion and expansion
process for six different expansion ratios of 8.2:1, 10.1:1, 12:1, 14:1, 15.9:1 and 17.8:1.
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In other words, the compression ratios were kept constant whereas the expansion ratios
were varied to carry out the analytical investigation. The MATLAB code of Guo [130]
was used to generate the scroll expander geometries made of constant wall thicknesses
as presented in Section 3.1.2. The discussion about the influence of increasing ratios of
expansion to compression ratio (ER/CR) on the scroll engine performance in terms of
power density and thermal efficiency was included in the second sub-section.
7.1.1 Heat release rates and total pressure distributions
The heat release rates for two compression ratios (CR) of 8.2:1 and 10.1:1 based on the
Wiebe function are plotted over the crank angle as illustrated in Fig. 7.1.
Fig. 7.1 Heat release rates for two compression ratios of 8.2:1 and 10.1:1 based on the Wiebe
function
As presented in Section 3.4.2, the compression process was assumed to be isentropic and
the air-fuel mixture had a stoichiometric A/F ratio of 14.7:1. It was ignited by two spark
plugs when the expander suction port was fully closed (θ=0◦) to start the combustion
process. The engine speed of 3000rpm was used to conduct the calculations. Hence, the
corresponding time to complete one cycle is equal to t=20ms. The analytical calculation
reveals uniform distributions of the heat release rates with peak values of 71.4J/deg and
88.1J/deg at a crank angle of 13◦ (t=0.72ms). It can be noted that the entire combustion
process was finished at a crank angle of 31◦ (t=1.72ms). Fig. 7.2 visualises the total
pressure distribution in the combustion and expansion chambers of the scroll engine and
the volume distribution of the expansion chambers over the crank angle.
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(a) Total pressure distribution in the combustion and expansion chambers of the scroll engine
(b) Volume distribution of the expansion chambers over the crank angle
Fig. 7.2 Total pressure distribution in the combustion and expansion chambers of the scroll
engine (a) and volume distribution of the expansion chambers over the crank angle (b)
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The evaluation reveals peak values of 94.74bar and 118.04bar for the total pressures
at a crank angle of 24◦ (t=1.33ms). This specific angle is representative for the end
of the ignition of the air-fuel mixture employing spark plugs. Fig. 7.2a also shows an
exponential decrease of the total pressures in the combustion and expansion chambers
for an increasing crank angle. It can be seen that values of 6.92bar and 8.62bar were
reached for the total pressures at the end of the expansion process using the highest
expansion ratio of 17.8:1. In theory, it should be possible to further expand the burned
air-fuel mixture to atmospheric pressure. But the expansion process was limited due to
the geometrical constraints of the scroll expander geometry. Fig. 7.2b depicts how the
expansion chamber volumes increased for increasing expansion ratios.
7.1.2 Influence of increasing ratios of expansion to compression
ratio on the scroll engine performance
Fig. 7.3 shows the influence of increasing ratios of expansion to compression ratio
(ER/CR) on the power density of the scroll engine.
Fig. 7.3 The influence of increasing ratios of ER/CR on the scroll engine power density
It should be noted that the displaced volume of the scroll engine expander is different
to that of a conventional internal combustion engine. Hence, the power density was
determined by dividing the power output of the scroll engine by the internal volume
of the whole scroll expander using the scroll housing diameter (Dsh) and the scroll
height to calculate it. The power density, which is also dependent on the compressor
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consumption and the heat input to the expander of the range extender engine, was
calculated for a rotational speed of 3000rpm. The studies reveal a reduced power density
for increasing ratios of ER/CR but with the benefit of an increased power output.
Specifically, 18.63kW/dm3 (1), 15.60kW/dm3 (1.23), 13.02kW/dm3 (1.46), 10.94kW/dm3
(1.71), 9.29kW/dm3 (1.94) and 7.98kW/dm3 (2.17) for a compression ratio of 8.2:1. The
highest power output of 44.48kW was achieved for a compression ratio of 10.1:1 and
an expansion ratio of 17.8:1 (V=4.62dm3). These results indicate the importance of
the compression ratio as more fuel can be introduced into the expander with higher
compression ratios. It can be also said that higher expansion ratios result in a more
thorough expansion of the air-fuel mixture in the expansion chambers. Furthermore,
it should be noted that the combustion process in the scroll engine takes place in two
chambers for every revolution of the orbiting scroll. In contrast, conventional Otto cycle
engines need two revolutions to complete a cycle. Hence, the produced power output
of the scroll engine is supposed to be four times higher while the displacement is still
the same. The performance evaluation in terms of thermal efficiencies for the scroll
engine itself and the scroll engine, also driving a mechanically connected compressor, is
presented in Fig. 7.4.
Fig. 7.4 The influence of increasing ratios of ER/CR on the thermal efficiency of the scroll
engine with and without a compressor
It can be determined from the figure that the thermal efficiency of the scroll engine
itself significantly increased for increasing ratios of ER/CR. Specifically from 37.25%
(1) up to 53.96% (2.17) for the compression ratio of 8.2:1 and from 42.62% (1) up to
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54.51% (1.76) for the compression ratio of 10.1:1. The same applies to the overall thermal
efficiency which increased from 26.41% (1) to 43.11% (2.17) and 30.26% (1) to 42.15%
(1.76) respectively. In other words, this proves that a more thorough expansion can be
achieved by using the range extender scroll engine in a Miller/Atkinson cycle compared
to conventional Otto cycle engines where the compression and expansion ratio are equal
due to geometrical constraints in its cylinders. It is possible to generate additional power
without the combustion of an additional air-fuel mixture which makes this novel engine
technology more efficient and more advantageous compared to its competitors. The
scroll engine is a promising candidate to further improve the power output and efficiency
in plug-in hybrid electric vehicle range extender. It has also the opportunity of being
integrated into applications such as unmanned aerial vehicles in which high power to
weight ratio are necessary.
7.2 CFD based combustion modelling of spark-ignition
scroll engines
The results for the CFD based combustion modelling of a spark-ignition scroll engine
are analysed in this section. This initially comprises the analysis of gas forces and
torque generation, followed by the total pressure distribution during the scroll engine
working process. The effects of spark timing on the flame propagation are then discussed.
The effects of turbulence on the flame propagation and their interaction with swirls
are finally covered. The CFD model used the variable wall thickness scroll expander
geometrical model with a built-in volume ratio of 4.5 as introduced in Section 3.1.1. The
radial clearance was set to 75µm and 50µm respectively. The corresponding grids were
generated as described and illustrated in Section 3.2.1. As presented in Section 3.5.1,
SCE1 defines the scroll engine in which the air-fuel mixture was ignited in two combustion
chambers once per revolution at the time when the suction port was fully closed. SCE2
is denoted as the scroll engine in which the ignition of the fresh charge was started 10ms
after the closure of the suction port once per revolution of the orbiting scroll. The two
spark plugs were located further downstream in the two combustion chambers of SCE2
to ensure their central location with regard to the combustion chambers. Moreover, the
premixed air-fuel mixture was compressed at a compression ratio of 4.5 to a pressure of
7.07bar and a temperature of 473.15K before it was inserted into the suction chamber of
the expander part of the scroll engine. The spark-ignition scroll engine was operated on
the Otto cycle since the compression and expansion ratio were identical.
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7.2.1 Analysis of the gas forces and the torque generation
Fig. 7.5 visualises the influence of the spark timing on the transient radial (Fr) and
axial (Fa) gas forces acting on the orbiting scroll and the scroll chamber top wall of the
expander part of the scroll engine.
(a) Radial forces acting on the orbiting scroll
(b) Axial forces acting on the scroll chamber top wall
(c) Torque generated by the orbiting scroll
Fig. 7.5 Influence of spark timing on the gas forces and the torque generation
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It also includes the tangential moment (Mt) distribution which represents the generated
torque over the time. IGN1 and IGN2 stand for the ignition timing in SCE1 and SCE2
respectively. Eq. (4.2) - Eq. (4.7) from Section 4.2.1 are used to evaluate the transient
gas forces in addition to the torque generated by the scroll engine expander part. It
can be determined from Fig. 7.5 that the gas forces and the torque were periodic for
the expansion process of the compressed and unburned gas over two revolutions of
the orbiting scroll in each case. In other words, the mixture was not ignited in cycle
1&2 compared to cycle 3&4 (combustion cycle 1&2). It can be also noted that these
distributions were similar to those for the small scale ORC scroll expander fed by R123
as presented in Section 4.2.1. In contrast to the unburned gas, the transient radial forces
reached a higher maximum as soon as the burned gas was discharged into the outlet
chamber during the first combustion cycle of SCE1 as shown in Fig. 7.5a. The second
combustion cycle reveals a maximum radial force of 30.2N which was even lower than
that for the expansion process of the unburned gas. The findings for the axial gas forces
acting on the scroll chamber top wall of the expander part of SCE1 were similar to that
for the radial forces.
The same applied to the generated torque as shown in Fig. 7.5c. The torque increased
more significantly after the ignition of the air-fuel mixture than for unburned gas. It
slightly dropped until it increased up to a maximum of 2.93Nm during the first combustion
cycle. It can be also noted that the torque reached a lower maximum of 2.3Nm during
the second combustion cycle. Another notable difference was that the decrease of the
generated torque occurred earlier and it dropped to a minimum which was even below
that of the unburned gas.
Hence, the idea was to locate the spark plugs further downstream to investigate the
influence of different spark timings on the combustion process. As described in Section
3.5.1, the two spark plugs were located further downstream in the two combustion
chambers of SCE2 to ensure the central location with regard to the combustion chambers.
The maximum radial forces during the first and second combustion cycle of SCE2 were
only slightly higher than that achieved during the expansion process of the unburned gas
as shown in Fig. 7.5a. In contrast to the axial forces acting on the scroll chamber top
wall of SCE2. The peaks of 1640.2N and 1595.3N were much higher compared to the one
for the unburned gas as illustrated in Fig. 7.5b. However the axial forces at the end of
the second combustion cycle in SCE2 dropped below the one for the unburned gas. Fig.
7.5c shows how the torque steadily increased until the maximum was reached. The later
spark timing resulted in a much higher maximum torque of 3.63Nm.
To sum up, the analysis of the gas forces and moments reveals that the later spark timing
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was beneficial for the torque generation producing a higher maximum torque in SCE2.
These findings might be associated with the less significant expanding effect caused by
the shorter residence time of the gas inside the expansion chambers. However, the gas
forces and the torque did not change as they should during the combustion cycles. The
power capacity of the scroll engine is too low and the expected high power to weight
ratio could not be confirmed. The simulations were finished after the second cycle and
the later ignition could not solve it either. Hence, these results are all hypothetical since
no steady state solution was achieved even for different spark timings.
7.2.2 Total pressure distribution during the scroll engine oper-
ation
The following section addresses the unsteady total pressure field inside the working
chambers of the variable wall thickness expander part of the scroll engine. Fig. 7.6 -
Fig. 7.8 depict the total pressure distribution in the mid axial xy-plane (at z=10mm) for
two scroll engines (SCE1 and SCE2) with radial clearance of 75µm. The combustion
chambers are specified as C1 and C2. E1 and E2 define the expansion chambers whereas
the discharge chambers are denoted as D1 and D2 respectively.
Fig. 7.6a and Fig. 7.6b reveal the asymmetric and uneven total pressure distributions
in the two combustion chambers of SCE1 and SCE2 at t=1ms. It should be stated
that the pressure imbalances in SCE1 and SCE2 were already generated during the
expansion process of the unburned air-fuel mixture prior to the ignition. The pressure
in chamber C1 was higher than that in chamber C2 due to the blocking effect of the
orbiting scroll tip in each case. It can be also noted that the torque generation, as
described previously in Section 7.2.1, evolved in accordance with the pressure change
during the combustion processes in SCE1 and SCE2. Fig. 7.6 - Fig. 7.8 yield how
the pressure imbalances were maintained during the entire combustion processes which
took place in two chambers for every revolution of the orbiting scroll respectively. In
contrast to conventional reciprocating engines in which two revolutions are necessary,
the theoretical power output of the scroll engines is supposed to be four times higher
while the displacement is still the same. Or in other words, the theoretical power density
should be four times higher. However, similar to the gas forces and the torque, the total
pressures during the combustion processes did not change as they should.
The spark plug location further downstream (SCE2) increased the pressure of the burned
air-fuel mixture to a higher pressure compared to SCE1. This might be due to the less
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significant expanding effect as a result of the shorter residence time of the burned gas in
the combustion chambers.
(a) t=1ms - SCE1 (b) t=1ms - SCE2
(c) t=8ms - SCE1 (d) t=8ms - SCE2
(e) t=13ms - SCE1 (f) t=13ms - SCE2
Fig. 7.6 Total pressure distribution in the mid axial xy-plane (at z=10mm) for two scroll engines
(SCE1 and SCE2) with radial clearance of 75µm - (t=1ms - t=13ms)
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(a) t=18ms - SCE1 (b) t=18ms - SCE2
(c) t=24ms - SCE1 (d) t=24ms - SCE2
(e) t=31ms - SCE1 (f) t=31ms - SCE2
Fig. 7.7 Total pressure distribution in the mid axial xy-plane (at z=10mm) for two scroll engines
(SCE1 and SCE2) with radial clearance of 75µm - (t=18ms - t=31ms)
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(a) t=38ms - SCE1 (b) t=38ms - SCE2
(c) t=43ms - SCE1 (d) t=43ms - SCE2
(e) t=58ms - SCE1 (f) t=58ms - SCE2
Fig. 7.8 Total pressure distribution in the mid axial xy-plane (at z=10mm) for two scroll engines
(SCE1 and SCE2) with radial clearance of 75µm - (t=38ms - t=58ms)
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But the theoretical peak pressures in the two combustion chambers should have reached
values which are four to five times higher than that of the fresh charge. The simulations
were finished after the second cycle. Hence, these results are also hypothetical. No steady
state solution was achieved which may be caused due to the following reasons.
The total pressure had already started to expand during the suction process when the
fresh charge was inserted into the suction chamber. The use of a check valve could enable
the opportunity to ignite the air-fuel mixture before the closure of the suction port, which
in turn could have increased the total pressure to higher values.
Moreover, the combustion chambers are characterised by a long and narrow design in
addition to their continuous orbiting movement. There was a strong deviation from the
ideal ball shape combustion chamber design. The air-fuel mixture might not have been
fully burned in particular in the upstream and downstream combustion chamber corners.
This might have resulted in the low pressure increase. Besides, the low flow intensity
might have caused a low combustion speed which is investigated in detail in Section 7.2.4.
In order to ensure a complete combustion, the use of the direct injection technology could
enable the fuel to be burned more efficiently.
The leakage losses might have also limited the pressure increase. High-speed flank
leakages through the radial clearance resulted in pressure losses, additionally reinforced
through higher pressure gradients in variable wall thickness scroll expander designs. It is
therefore essential to add oil to the fuel to seal the radial clearance. Nevertheless, the
combustion of more oil might disadvantage scroll engines in particular in terms of their
CO2-emissions. Another opportunity could be the installation of apex seals, such as in
the Wankel engine. However, these apex seals can not be installed on the surface of the
fixed or the orbiting scroll due to the continuously changing distance of the two scrolls.
It is only possible to seal the axial clearance which were excluded in the CFD based
combustion model.
It should be also stated that in comparison to the analytical heat release rate analysis, the
CFD based combustion modelling predicted a combustion process which rather followed
a Diesel than an Otto cycle. As mentioned previously, there was no significant pressure
change for an increasing combustion chamber volume at the beginning of the combustion
process. The almost constant pressure combustion process was followed by an expansion
process of the burned air-fuel mixture. These trends are commonly associated with
compression-ignition rather than spark-ignition engines. Hence, the potential operation
of the scroll engine using the self-ignition principle of the Diesel cycle could enable the
operation at higher compression ratios leading to higher efficiencies. Considering the
long and narrow combustion chamber design, the direct injection of the Diesel fuel spray
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might result in an improved distribution of the air-fuel mixture inside the combustion
chambers. Besides, the slow combustion process in a Diesel cycle might be beneficial
for the torque generation of the scroll engine. Nonetheless, the need for high expansion
ratios to balance the higher compression ratios should be taken into account. High
expansion ratios in scroll machines might be accompanied with a large increase of the
number of scroll turns even for the variable wall thickness scroll design. Furthermore,
the necessary heat generation during the compression process of air might be weakened
after the insertion into the suction chamber of the scroll engine expander part. The
underlying reason is that the expansion of the working fluid already starts during the
suction process in addition to the continuous expansion process in the scroll expansion
chambers. The use of a check valve could lead to the ignition of the injected Diesel fuel
during the suction process of hot air to provide the necessary heat for the self-ignition
and to balance the aforementioned expanding effects.
It can be concluded that similar to the gas forces and the torque generation, the total
pressures during the combustion processes did not change as they should. The theoretical
peak pressures in the two combustion chambers should have reached values which
are approximately five times higher than that of the fresh charge. The combustion
chambers are characterised by a long and narrow design in addition to their continuous
orbiting movement. Hence, the air-fuel mixture might not have been fully burned in
the combustion chamber corners because the low flow intensity might have caused a low
combustion speed. Leakage losses might have limited the pressure increase since no oil
was added to the fuel to seal the radial clearance. The combustion process was relatively
slow and it rather followed a Diesel than an Otto cycle.
7.2.3 Influence of spark timing on the flame front propagation
The following section considers the influence of spark timing on the flame front propagation
inside the combustion chambers of the scroll engines SCE1 and SCE2. The flame front
propagation was modelled with the help of a transport equation to solve a reaction
progress variable c. The combustion process was based on a premixed combustion
approach and therefore characterised by a moving flame front which generated a thin
flame sheet. The latter separates the unburned reactants (c=0) and the burned products
(c=1) inside the combustion chambers [241]. The values for the reaction progress variable
c are listed in Table 7.1.
Table 7.1 Values for the reaction progress variable c [241]
c=0 unburned gas
c=1 burned gas
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Fig. 7.9 - Fig. 7.13 show the flame propagation through the axial xy-plane (z=1mm) and
axial yz-plane (x=0mm) of two scroll engines (SCE1 and SCE2) with radial clearance
of 75µm. The transient flame propagation is evaluated at ten different time steps to
capture the unsteady behaviour over two combustion cycles. Fig. 7.9a shows how two
fireballs were created inside the two combustion chambers of SCE1 at t=1ms after the
ignition. It should be noted that the implemented spark-ignition model of ANSYS
Fluent disabled the use of two spark plugs simultaneously. The duration of each spark
ignition was set to t=0.5ms. Thus, the second spark plug in chamber C2 was therefore
activated immediately after the ignition of the first spark plug was finished. The burned
gas was spread gradually downstream as the scroll rotated further as visualised in Fig.
7.9c. There was a notable squeezing effect in the combustion chamber corners of the
scroll engine. As mentioned previously, the combustion chambers are characterised by
a long and narrow design. In addition, the flame propagated in accordance with the
orbiting scroll direction intensifying the squeezing effect in the upstream corner with
remaining unburned gas in there as illustrated in Fig. 7.10a and Fig. 7.10c. Moreover,
high-speed flank leakages might have additionally leaked a certain amount of unburned
air-fuel mixture through the radial clearance connecting the suction with the combustion
chambers because there was no oil added to the fuel to seal the radial clearance. The
flame propagation was relatively slow due to the low turbulence level in the combustion
chambers which is discussed in Section 7.2.4. Hence, the full combustion of the air-fuel
mixture was slowed down.
The flame front had started to propagate downstream through the radial clearance
connecting the combustion with the discharge chambers during the first combustion cycle
in SCE1 as shown in Fig. 7.10c. It can be also seen in Fig. 7.11a how the combustion
gas was spread inside the outlet chambers as the scroll rotated further. Besides, Fig.
7.11a depicts how the flame propagated slightly upstream through the radial clearance
connecting chamber C1 and E1 at the end of the expansion process. According to
Heywood (1988) [240, 247], there should be a quenching effect of the flame because the
specified temperature of 473.15K at the scroll expander walls should quench the flame and
prevent it to propagate through the radial clearance. Fig. 7.11c shows how the burned
gas was finally discharged into the outlet chamber after one revolution was completed.
Besides, it can be seen how two fireballs were created inside the two combustion chambers
to start the second combustion cycle.
Another notable effect can be determined from the flame propagation through the axial
yz-plane (x=0mm). The fresh charge was not fully burned during first combustion cycle.
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(a) t=1ms - SCE1 (b) t=1ms - SCE2
(c) t=8ms - SCE1 (d) t=8ms - SCE2
Fig. 7.9 Flame propagation through the axial xy-plane (z=1mm) and axial yz-plane (x=0mm)
for two scroll engines (SCE1 and SCE2) with radial clearance of 75µm - (t=1ms - t=8ms)
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(a) t=13ms - SCE1 (b) t=13ms - SCE2
(c) t=18ms - SCE1 (d) t=18ms - SCE2
Fig. 7.10 Flame propagation through the axial xy-plane (z=1mm) and axial yz-plane (x=0mm)
for two scroll engines (SCE1 and SCE2) with radial clearance of 75µm - (t=13ms - t=18ms)
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(a) t=24ms - SCE1 (b) t=24ms - SCE2
(c) t=31ms - SCE1 (d) t=31ms - SCE2
Fig. 7.11 Flame propagation through the axial xy-plane (z=1mm) and axial yz-plane (x=0mm)
for two scroll engines (SCE1 and SCE2) with radial clearance of 75µm - (t=24ms - t=31ms)
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As mentioned previously, the two combustion chambers of the scroll engine vary widely
from the ideal combustion chamber characterised by a ball shape in which the maximum
volume with a minimum area is enabled. More specifically, the shape of the combustion
chambers of the scroll engine are long and narrow which might have elongated the
combustion duration. The full combustion of the unburned gas in there might have been
prevented in addition. Similar to the unfavourable shape of the combustion chambers in
the Wankel engine, the combustion process in the scroll engine might result in unburned
hydrocarbons in particular at low rotational speeds of n=2000rpm as in the present case.
This, in turn, might disadvantage the scroll engine in particular in terms of its CO2
emissions due to the discharge process of unburned fuel into the exhaust stream.
The flame front was also propagated upstream through the radial clearance connecting
the combustion chambers with the suction chamber during the second combustion cycle
as shown in Fig. 7.12a. Fig. 7.12c reveals how the burned gas inside the suction chamber
prevented the fresh air-fuel mixture to be aspirated into the suction chamber. There was
a heating effect because a certain amount of the fresh charge inside the plenum chamber
was ignited by the propagating flame. Or in other words, the unburned gas was pushed
back by the burned gas. The entire domain was finally filled with burned gas as shown
in Fig. 7.13a and Fig. 7.13c. Hence, the simulations were stopped because no steady
state solution was achieved after the second combustion cycle was finished.
Fig. 7.9 - Fig. 7.13 also include the influence of spark timing on the flame front
propagation in SCE2. The ignition of the fresh charge in SCE2 was started at t=10ms
after the closure of the suction port in comparison to SCE1. The location of the spark
plugs further downstream prevented the air-fuel mixture to propagate through the radial
clearance into the outlet chamber during the first combustion cycle due to the shorter
residence time of the gas in the corresponding combustion chambers. However, the time
was too short for the air-fuel mixture in the entire combustion chamber to be fully burned.
There was also a notable squeezing effect in the corners of the combustion chambers of
SCE2 as described previously. This might be related to the scroll geometry characterised
by long and narrow working chambers preventing the unburned gas to be ignited in these
areas. It can be also noted that the flame propagated upstream and downstream during
the second combustion cycle. The suction port was finally filled with hot and burned
gas preventing the fresh air-fuel mixture to be aspirated into suction chamber. The
installation of a check valve may inhibit the flame propagation into the suction chamber.
The flame propagation through the axial xy-plane (z=1mm) and axial yz-plane (x=0mm)
of the scroll engine with radial clearance of 50µm is visualised over two combustion cycles
in Fig. A.1 - Fig. A.3 in the Appendix A.1.
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(a) t=34.5ms - SCE1 (b) t=34.5ms - SCE2
(c) t=38ms - SCE1 (d) t=38ms - SCE2
Fig. 7.12 Flame propagation through the axial xy-plane (z=1mm) and axial yz-plane (x=0mm)
for two scroll engines (SCE1 and SCE2) with radial clearance of 75µm - (t=34.5ms - t=38ms)
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(a) t=43ms - SCE1 (b) t=43ms - SCE2
(c) t=58ms - SCE1 (d) t=58ms - SCE2
Fig. 7.13 Flame propagation through the axial xy-plane (z=1mm) and axial yz-plane (x=0mm)
for two scroll engines (SCE1 and SCE2) with radial clearance of 75µm - (t=43ms - t=58ms)
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The reduction of the radial clearance from 75µm to 50µm did not quench the flame
either. Hence, the flame front still propagated through the radial clearance. There is no
experimental evidence proving that radial clearance of this size quench the flame and
inhibit the high speed flank leakages to blow the burned gas through those gaps. In
addition, the premixed combustion model approach of ANSYS Fluent lacks of a numerical
sub-model to quench the flame along the radial clearance. The CFD based combustion
model for the variable wall thickness scroll expander with radial clearance of 75µm
employed the RNG-k-ϵ model with standard wall functions. The use of the k-ω SST
model in combination with a grid refinement to resolve and model the near-wall region
in combination with lower radial clearance of 50µm did not result in an improvement.
It can be concluded that the later spark timing prevented the downstream propagation
of the flame through the radial clearance connecting the combustion and discharge
chambers during the first combustion cycle. This was acceptable since the outlet chamber
was filled with burned gas after the discharge process was finished. Independent of
the spark timing, there was still an upstream propagation of the flame through the
radial clearance connecting the combustion chambers with the suction chamber during
the second combustion cycle. The third combustion cycle was technically not feasible
because the entire domain was filled with burned gas which was not ignitable. Hence,
no steady state solution was achieved. The installation of a check valve could prevent
the burned gas to flow into the suction chamber igniting the fresh air-fuel mixture there.
The reduction of radial clearance from 75µm to 50µm did not quench the flame either.
There is no experimental evidence proving that radial clearance of this size quench the
flame and inhibit the high speed flank leakages to blow the burned gas through those
gaps. In addition, the premixed combustion model approach of ANSYS Fluent lacks of a
numerical sub-model to quench the flame along the radial clearance.
7.2.4 Effects of turbulence on the flame propagation and their
interaction with swirls
The following section presents the effects of turbulence on the flame propagation and their
interaction with the unsteady flow mechanism inside the working chambers of the scroll
engine expander parts. Fig. 7.14 and Fig. 7.15 reveal the three-dimensional visualisation
of the flow field inside the expander parts of the scroll engines SCE1 and SCE2 at six
different time steps during the first combustion cycle. It also includes the transient flame
propagation through the axial xy-planes at z=1mm and z=10mm respectively.
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(a) t=0ms (spark ignition) - SCE1 (b) t=0ms (spark ignition) - SCE2
(c) t=1ms - SCE1 (d) t=1ms - SCE2
(e) t=3ms - SCE1 (f) t=3ms - SCE2
Fig. 7.14 Effects of turbulence on the flame propagation and their interaction with swirls for
two scroll engines (SCE1 and SCE2) with radial clearance of 75µm - (t=0ms - t=3ms)
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(a) t=8ms - SCE1 (b) t=8ms - SCE2
(c) t=15.5s - SCE1 (d) t=15.5s - SCE2
(e) t=24.5s - SCE1 (f) t=18ms - SCE2
Fig. 7.15 Effects of turbulence on the flame propagation and their interaction with swirls for
two scroll engines (SCE1 and SCE2) with radial clearance of 75µm - (t=8ms - t=24.5ms)
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The flame propagation depends on the laminar flame speed and the turbulence level
twisting and stretching the flame. The laminar flame speed was set equal to a constant
value of 0.3m
s
which is derived from experiments [241]. The flow field inside the suction
and combustion chambers of SCE1 and SCE2 is visualised in Fig. 7.14a and Fig. 7.14b
for the spark plug activation time (t=0ms). The flow field was almost uniform in the
combustion chambers of SCE2 whereas large scale swirls existed in the combustion
chambers of SCE1. Fig. 7.14c and Fig. 7.14d show the flame propagation and their
interaction with the flow field in the combustion chambers of SCE1 and SCE2 respectively
at t=1ms after the ignition occurred. It can be seen that the flame already reached the
axial xy-plane at z=10mm in combustion chamber C1 compared to that in C2 due to
the different spark timings in both cases. The large scale swirls, characterised by their
high velocity along the positive z-direction towards the scroll chamber top wall, were
already dissipated in the combustion chambers of SCE2. It can be stated that there was
no obvious interaction between the flame propagation and the unsteady flow mechanism
along the positive z-direction in the combustion chambers of SCE1 because the large
scale swirls have been almost dissipated.
It can be determined from Fig. 7.14e and Fig. 7.14f that there was a downstream
propagation in accordance with the scroll rotation in the axial xy-plane at z=1mm in
both cases. But the flame did not reach the axial xy-plane at z=10mm in combustion
chamber C2 yet. The large scale swirls flowing along the positive z-direction still slightly
existed in SCE1. However, the low flow intensity caused the low turbulent flame speed
in both scroll engine combustion chambers.
Fig. 7.15a and Fig. 7.15b reveal a uniform flow field inside the combustion chambers of
SCE1 and SCE2 respectively because the large scale swirls were completely dissipated.
The flame propagation downstream occurred in accordance with the uniform flow field.
The flame spread was similar in both axial xy-planes at t=8ms after the ignition. It can
be also seen how new large scale swirls were generated inside the suction (SCE1) and
expansion (SCE2) chambers in both cases. The existing connection with the suction port
enabled the fresh charge to be aspirated at a high velocity along the positive z-direction
towards the scroll chamber top wall.
The flame propagation still occurred in accordance with the uniform flow field as soon as
the scroll rotated further. It reached the downstream edges in the combustion chambers
of SCE1 and SCE2 as shown in Fig. 7.15c - Fig. 7.15f.
It can be concluded that there was no obvious interaction between the flame propagation
and the large scale swirls along the positive z-direction because these swirls have been
almost dissipated when the ignition occurred. The flame propagated downstream in
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accordance with the orbiting scroll and the uniform flow field which prevented the
upstream propagation into the edges of the long and narrow combustion chambers. In
addition, the low flow intensity caused the low turbulent flame speed. The effects of
turbulence on the flame propagation and their interaction with swirls were not affected
by the spark timing. The ignition before the closure of the suction port might benefit
the flame propagation along the positive z-direction because the fresh charge could be
aspirated into the combustion chamber at high speed due to the existing connection
with the suction port. However, it should be noted that this might be only feasible by
installing a check valve to prevent the flame to propagate into the plenum chamber. But
the use of a check valve might interrupt the continuous flow of the fresh charge into
the combustion chamber which in turn could result in the destruction of the large scale
swirls.
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7.3 Brief summary
• The feasibility of a range extender scroll engine was evaluated by employing a
heat release rate analysis. At the same compression ratio, the power density was
reduced for increasing expansion ratios but with the benefit of an increased power
output. The highest power output of 44.5kW was produced for a compression
ratio of 10.1:1 and an expansion ratio of 17.8:1 (V=4.62dm3) at a rotational
speed of n=3000rpm. Furthermore, it was identified that the thermal efficiency
was significantly enhanced for increasing ratios of expansion to compression ratio
reaching a peak value of 43.1% (CR=8.2:1/ER=17.8:1). Hence, it was proven that
a more thorough expansion was achieved by employing the scroll engine in the
Miller/Atkinson cycle instead of the conventional Otto cycle.
• The evaluation of the aerodynamic performance of the spark-ignition scroll engine
reveals that the air-fuel mixture might not have been fully burned in the combustion
chamber corners which are characterised by a long and narrow design. More
specifically, the two combustion chambers vary widely from the ideal combustion
chamber design characterised by a ball shape in which the maximum volume with a
minimum area is ensured. Leakage losses might have limited the pressure increase
associated with the torque generation in addition since no oil was added to the fuel
to seal the radial clearance. The combustion process of the scroll engine rather
followed the Diesel cycle.
• The third combustion cycle was technically not feasible due to the flame propagation
through the radial clearance filling then entire domain with burned gas. Hence,
no steady state solution was achieved and all the results are hypothetical. The
reduction of radial clearance from 75µm to 50µm did not quench the flame either.
There is no experimental evidence proving that radial clearance of this size quench
the flame and inhibit the high speed flank leakages to blow the burned gas through
those gaps. In addition, the premixed combustion model approach of ANSYS
Fluent lacks of a numerical sub-model to quench the flame along radial clearance.
• There was no obvious interaction between the flame propagation and the large
scale swirls along the positive z-direction because these swirls have been almost
dissipated when the ignition occurred. The turbulent flame speed was low due
to the laminar flow conditions associated with a low turbulence level. The flame
propagated downstream in accordance with the orbiting scroll and the uniform
flow field which prevented the upstream propagation into the combustion chamber
corners.

Chapter 8
Conclusions and further
recommendations for future work
8.1 Conclusions
Based on a thorough and critical review of the state-of-the-art development in the
area, the main aims of this PhD research were to investigate variable and constant
wall thickness scroll expanders for small scale organic Rankine cycle systems using
three-dimensional and transient CFD simulations. The aerodynamic performances are
compared to examine the features of the novel variable wall thickness design. This is
followed by the investigation of spark-ignition scroll engines and their performance by
means of a heat release rate analysis and CFD based combustion modelling tools. The
major conclusions to be drawn from this research are related to the objectives in Section
1.2.
Develop an unsteady and three-dimensional CFD model to predict and analyse the flow
and thermal field of small scale ORC scroll expanders with variable wall thicknesses.
The following conclusions can be determined from the analysis of the variable wall
thickness scroll expanders:
• A three-dimensional and unsteady CFD model for a small-scale ORC scroll expander
using variable wall thicknesses was developed. Deviations resulting from time step,
grid and turbulence model sensitivity tests were small giving confidence in the
CFD model. The predicted CFD results for tangential force distributions and
the comparison of average torque per average mass flow rate at different pressure
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ratios were consistent with existing data. Hence, the CFD model was verified and
validated and the results were consistent with the thermodynamic theory of scroll
expanders.
• The optimum performance was achieved at a pressure ratio of 3.5 regardless of the
rotational speed. However, increasing rotational speeds yielded higher isentropic
efficiencies. The decrease of radial clearance from 200µm to 75µm had a positive
effect on the isentropic efficiency and the specific power output. The isentropic
efficiency at the optimum performance point was significantly improved by 22%
from 31.9% to 53.9%. The second-law analysis reveals that exergy of 215.9W
(75µm) and 531.6W (200µm) were destroyed during the expansion processes and
the second-law efficiencies were 61.3% and 40.4% respectively.
• The decrease of radial clearance can support a larger pressure drop to more effec-
tively control the expansion process of the working fluid. There was a sharp increase
in the Mach number in conjunction with a sharp decrease in the static pressure
through the radial clearance. The flank leakage flows were choked, generating
supersonic flows immediately downstream of the throat. These terminated in shock
waves that led to a sharp decrease of the Mach number. The gap between the fixed
and orbiting scroll had a similar structure as a convergent-divergent Laval nozzle.
A dry wall expander design was considered in the current study. Hence, the radial
clearance need to be sealed by including a refrigerant oil.
• The geometrical effects of varying wall thicknesses did not affect the characteristic
scroll machine operation. More specifically, the continuous flow through the suction
port was diminished during its closure via the scroll tip of the orbiting scroll. The
suction chamber was therefore separated into two expansion chambers once per
revolution. This, in turn, led to the characteristic pressure imbalances in the
expansion chambers of the variable wall thickness scroll expander.
• The geometrical constraints of the expansion chambers formed by varying wall
thicknesses restricted the complete expansion of the working fluid. The use of
scroll expanders with built-in volume ratios above 4.5 could fully expand the
working fluid to the defined outlet pressure. The isentropic efficiency could thus
be enhanced under the same operating conditions. The expansion process under
isentropic conditions deviated from the numerically predicted process due to the
over-expansion of the working fluid under isentropic conditions. The irreversibility
of the numerically predicted expansion process including the entropy generation
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inside the scroll expander working chambers, caused by flank leakages in addition
to fluid friction, led to the deviation.
Compare the aerodynamic performance of variable and constant wall thickness scroll
expanders for small scale ORC systems to examine and elaborate the potential advantages
and disadvantages of the novel variable wall thickness scroll expander design.
The aerodynamic performance comparison of variable and constant wall thickness scroll
expanders reveals the following conclusions:
• For the first time, three-dimensional and transient CFD simulations of variable and
constant wall thickness scroll expanders are compared in terms of their aerodynamic
performance. Geometrical parameters such as built-in volume ratio (4.5), scroll
height (20mm), orbiting radius (2.6mm) and radial clearance (200µm) were kept
constant in both scroll expander geometries. It can be noted that the smaller
scroll housing diameter of the constant wall thickness scroll expander (52.5mm) led
to a slightly more compact design compared to the variable wall thickness scroll
expander (55mm) due to the less occupied space of the constant wall thickness
scroll profiles.
• The benefit of operating the variable wall thickness scroll expander at higher
pressure ratio resulted in reduced isentropic efficiencies. The isentropic efficiency
increased until the optimum performance point was reached at a pressure ratio of
3.5. In contrast, the CWD expander was operated with minimal losses at a lower
pressure ratio of 2.5. However, the maximum isentropic efficiency of 33.7% was
slightly higher (1.7%) than that of VWD (31.9%).
• The shorter scroll profile length of VWD generated lower average radial and axial
gas forces. Besides, higher pressure gradients between individual working chambers
contributed to a higher peak of the tangential gas moment in spite of higher transient
gas force and tangential gas moment variations. The maximum to minimum ratios
of the transient radial gas forces were equal to 14.3 (VWD) and 3.2 (CWD). The
evaluation of the transient axial gas forces acting on the scroll chamber top wall
reveals ratios of 1.2 (VWD) and 1.1 (CWD). The gas moment fluctuations across
one revolution of the orbiting scroll were more stable in CWD (1.4 (CWD) versus
2.0 (VWD)) but at the expense of lower gas moment peaks.
• The pressure trace analysis reveals a shorter residence time of the gas in VWD
resulting in less time for flank leakages to affect the performance. The expansion
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process was finished at a crank angle of 816◦ (VWD) compared to 996◦ (CWD).
In addition, the steady expansion in VWD contradicted with the plateauing effect
during the CWD expansion process. Hence, the extension of the number of scroll
turns in the variable wall thickness design could increase the number of expansion
chambers to lower the pressure gradients driving the expansion process. This, in
turn, could lead to less gas force and gas moment variations in addition to lower
flank leakages in spite of a prolonged residence time of the gas and an increased
overall area for leakages.
• The studies of the static pressure distributions along the surface of the fixed scroll
of VWD and CWD unveil, that the static pressure drops through the local radial
clearance, connecting suction and expansion chambers, were higher in VWD for
the orbiting angles of 0◦ and 60◦. In contrast to CWD in which the static pressure
drops were higher through the local radial clearance connecting expansion and
discharge chambers at that time. Moreover, the fully closed suction port (144◦),
associated with the simultaneous discharge chamber opening, resulted in more
significant pressure drops in VWD. However, the higher number of local radial
clearance unveiled a higher number of static pressure drops in CWD at 144◦. The
highest static pressure drops of 0.764 (VWD) and 0.709 (CWD) occurred through
the local radial clearance S-E2 at the orbiting angle of 264◦ in both geometries.
• The swirl generation in the suction chamber of the variable and constant wall
thickness scroll expanders was independent of the geometrical effects of varying
wall thicknesses. Nevertheless, their energy dissipation rate during the expansion
process was different for the two scroll expanders. The large-scale swirls were
completely dissipated in the expansion chambers of VWD at the crank angle of
600◦ in contrast to 672◦ in the expansion chambers of CWD. In comparison to
VWD, the smaller expansion chamber volumes of CWD, accompanied with the
lower pressure gradients driving the expansion process, conserved the swirling
motions for a longer period and extended the time for its diffusion. The prolonged
fluid friction might have converted more kinetic energy into enthalpy diminishing
the power capacity.
Employ a heat release rate analysis to evaluate the performance of an innovative range
extender scroll engine. Last but not least, develop a CFD based combustion model for
this spark-ignition scroll engine on the basis of the developed CFD models for small scale
ORC scroll expanders.
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The findings obtained from the heat release and combustion modelling of spark-ignition
scroll engines have drawn the following conclusions:
• The heat release rate analysis reveals an improved power output for increasing
expansion ratios but at the expense of a reduced power density. The highest power
output of 44.5kW was produced for a compression ratio of 10.1:1 and an expansion
ratio of 17.8:1 (V=4.62dm3) at a rotational speed of n=3000rpm. Furthermore, it
was identified that the thermal efficiency followed the same trend reaching a peak
value of 43.1% (CR=8.2:1/ER=17.8:1). Hence, it was proven that a more thorough
expansion was achieved by employing the scroll engine in the Miller/Atkinson cycle
instead of the conventional Otto cycle. Considering the scroll engine size, this novel
engine can meet the demand for compact engines with high power densities.
• The evaluation of the aerodynamic performance of the spark-ignition scroll engine
reveals that the air-fuel mixture might not have been fully burned in the combustion
chamber corners which are characterised by a long and narrow design. More
specifically, the two combustion chambers vary widely from the ideal combustion
chamber design characterised by a ball shape in which the maximum volume with a
minimum area is ensured. Leakage losses might have limited the pressure increase
in addition since no oil was added to the fuel to seal the radial clearance. The
combustion process of the scroll engine rather followed the Diesel cycle.
• The third combustion cycle was technically not feasible due to the flame propagation
through the radial clearance filling then entire domain with burned gas. Hence,
no steady state solution was achieved and all the results are hypothetical. The
reduction of radial clearance from 75µm to 50µm did not quench the flame either.
There is no experimental evidence proving that radial clearance of this size quench
the flame and inhibit the high speed flank leakages to blow the burned gas through
those gaps. In addition, the premixed combustion model approach of ANSYS
Fluent lacks of a numerical sub-model to quench the flame along radial clearance.
• There was no obvious interaction between the flame propagation and the large scale
swirls along the positive z-direction because the flow was too laminar. These swirls
have been almost dissipated when the ignition occurred. The flame propagated
slowly downstream in accordance with the orbiting scroll movement and the uniform
flow field which prevented the upstream propagation into the combustion chamber
corners.
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8.2 Further recommendations for future work
Further recommendations for future work are presented in the following section. This
initially comprises recommendations for the CFD model development of variable wall
thickness scroll expanders for small scale ORC applications. This is followed by addi-
tional recommendations for heat release and combustion modelling of spark-ignition
scroll engines.
1. CFD simulations of variable wall thickness scroll expanders for small scale ORC
applications
• The variable wall thickness scroll expander design should be optimised by increasing
the suction chamber to enable a higher mass flow rate benefiting the power output.
Furthermore, the increase of the built-in volume ratio could simultaneously increase
the number of working chambers to reduce pressure gradients driving the expansion
process. Flank leakage losses in addition to gas force and torque variations could
be balanced. The geometry of the end parts of the fixed and orbiting scroll should
be streamlined further to the integration of a bilateral discharge port. This leads
to a more compact design in addition to the elimination of secondary flows. The
entropy generation at the end parts of fixed and orbiting scroll can be also reduced.
The dual arc tips should be replaced with the PMP scroll tip design.
• The CFD model should be further upgraded. A structured dynamic mesh approach,
including the layering technique, could enable the decrease of radial clearance to
10-30µm without increasing the grid number significantly. Moreover, the number
of grid layers to resolve the radial clearance could be enlarged. The sealing of
radial clearance by including a refrigerant oil could improve the performance.
The incorporation of sub-models to model friction, heat transfer and tip leakages
could provide valuable knowledge since the novel variable wall thickness design
is characterised by less overall area for detrimental friction, heat transfer and tip
leakage to occur in addition to the advantages pointed out in Section 6.6.
• The isolation and quantitative estimations of flow and thermodynamic losses during
suction, expansion and discharge processes could provide valuable knowledge due to
additional insights into the variable wall thickness scroll expander working process.
• The analysis of various more advantageous working fluids such as R245fa are worth
pursuing since the current working fluid R123 will be phased out in Europe.
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• The optimised variable wall thickness scroll expander design should be manufactured
and incorporated into an experimental test rig for small scale ORC systems. These
experimental studies could significantly contribute to the research field.
2. Heat release and combustion modelling of spark-ignition scroll engines
• Future work can include a comparison between variable and constant wall thickness
scroll designs for combustion engine versions.
• Further investigations using more sophisticated heat release models including
leakage, friction and heat transfer sub-models in combination with variable wall
thickness designs should be conducted.
• The expansion ratios of the variable wall thickness scroll geometries need to be
increased (8:1-18:1) in addition to the suction chamber volume which in turn enables
a higher mass flow rate. Higher number of working chambers could also lower
the pressure gradients among individual working chambers. Further to this, the
shape of the combustion chambers should be optimised to approximate the ideal
combustion chamber design characterised by a ball shape in which the maximum
volume with a minimum area is ensured. The use tip seals could seal the axial
clearance which were excluded in the current model.
• The scroll engine should be operated at higher rotational speeds (n=3000-5000rpm)
which might lead to a complete combustion. The Atkinson or Miller cycle should
be employed instead of the Otto cycle, which enables the possibility to apply higher
expansion than compression ratios. The use of the direct injection technology could
allow the fuel to be burned more efficiently to ensure a complete combustion.
• The CFD model should be equipped with a structured dynamic mesh approach.
The sealing of radial clearance by adding oil to the air-fuel mixture should be also
considered. The use of a check valve could enable the opportunity to ignite the
air-fuel mixture before the closure of the suction port, which in turn could increase
the total pressure to higher values. Besides, the installation of a check valve may
inhibit the flame propagation into the suction and plenum chamber. Pollutant
models such as NOx and soot models to predict the scroll engine emissions would
provide valuable knowledge. Second-order numerical schemes should be used as
soon as the CFD simulations converge for the first order schemes.
• There is no experimental evidence proving that radial clearances of 50-75µm or even
lower quench the flame in scroll machines and inhibit the high speed flank leakages to
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blow the burned gas through those gaps. Further experimental investigations would
provide valuable knowledge. In addition, it would prove whether it is necessary to
implement a sub-model into the premixed combustion model approach of ANSYS
Fluent in order to numerically quench the flame along the radial clearance.
• There is no experimental data available to validate the CFD based combustion
modelling results of the spark-ignition scroll engine. Hence, the development of a
prototype including the implementation into a test rig would provide additional
insight into the scroll engine working process and could provide novel contributions
to the area of hybrid vehicle powertrain systems.
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Appendix A
Additional figures
A.1 Flame front propagation in a scroll engine with
radial clearance of 50µm
The flame propagation through the axial xy-plane (z=1mm) and axial yz-plane (x=0mm)
of the scroll engine with radial clearance of 50µm is visualised over two combustion cycles
in Fig. A.1 - Fig. A.3.
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(a) t=1ms (axial xy-plane (z=1mm)) (b) t=1ms (axial yz-plane (x=0mm))
(c) t=8ms (axial xy-plane (z=1mm)) (d) t=8ms (axial yz-plane (x=0mm))
(e) t=13ms (axial xy-plane (z=1mm)) (f) t=13ms (axial yz-plane (x=0mm))
Fig. A.1 Flame propagation through the axial xy-plane (z=1mm) and axial yz-plane (x=0mm)
of the scroll engine with radial clearance of 50µm - (t=1ms - t=13ms)
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(a) t=18ms (axial xy-plane (z=1mm)) (b) t=18ms (axial yz-plane (x=0mm))
(c) t=24ms (axial xy-plane (z=1mm)) (d) t=24ms (axial yz-plane (x=0mm))
(e) t=31ms (axial xy-plane (z=1mm)) (f) t=31ms (axial yz-plane (x=0mm))
Fig. A.2 Flame propagation through the axial xy-plane (z=1mm) and axial yz-plane (x=0mm)
of the scroll engine with radial clearance of 50µm - (t=18ms - t=31ms)
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(a) t=38ms (axial xy-plane (z=1mm)) (b) t=38ms (axial yz-plane (x=0mm))
(c) t=43ms (axial xy-plane (z=1mm)) (d) t=43ms (axial yz-plane (x=0mm))
(e) t=58ms (axial xy-plane (z=1mm)) (f) t=58ms (axial yz-plane (x=0mm))
Fig. A.3 Flame propagation through the axial xy-plane (z=1mm) and axial yz-plane (x=0mm)
of the scroll engine with radial clearance of 50µm - (t=38ms - t=58ms)
